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ABSTRACT
Tandem (or multijunction) solar cells are the only photovoltaic (PV) devices that have
demonstrated efficiencies above 30%. Hybrid tandem solar cells consist of dissimilar PV ma-
terials, each layer optimized to absorb a specific portion of the solar spectrum. Tandem cells
are often designed with two terminals (2T), requiring current-matched subcells connected in
series. They can, however, be designed with additional terminals, to circumvent the need
for current matching, which enables greater design flexibility. This research investigates the
performance and device physics of III-V-on-Silicon (III-V//Si) tandem solar cells operated
in the 2-terminal (2T), 3-terminal (3T) and 4-terminal (4T) configurations.
Previously, record efficiency 4T III-V//Si tandem cells were fabricated at NREL with
top cells grown via metalorganic vapor phase epitaxy (MOVPE). Techno-economic analy-
sis, however, shows that costs could be substantially reduced by using a lower-cost III-V
deposition technique, such as hydride vapor phase epitaxy (HVPE). To explore tandem cell
performance using HVPE-grown top cells, 4T GaAs//Si tandem cells were fabricated and
analyzed using the same top cell structure grown by each method. Optical modeling was
used to simulate possible performance improvements.
Simulations show that 3T designs can also extract surplus current from mismatched sub-
cells, yet 3T tandem designs avoid losses from intermediate conductive layers required for
4T tandems. To examine this experimentally, the performance of a GaInP//Si tandem with
minimal current mismatch was compared to that of a GaAs//Si tandem with substantial
mismatch, both operated in the 2T and 3T configurations. Both tandems cells exhibited
comparable efficiencies when operated in the 3T configuration, demonstrating that the third
terminal expands top cell material options, similar to 4T designs. The operational complex-
ities of a 3T tandem cell will also be addressed.
iii
Future research priorities for III-V//Si tandem cells will also be discussed, with particular
emphasis on reliability of the 3T and 4T cell designs and how they can be interconnected at
the module level. The presentation will conclude with an introduction to a project currently
underway to test a 4T GaInP//Si cell on the International Space Station, to study degra-
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1.1 The need for photovoltaic research
In the United States, the electric power sector is second only to the transportation sector
in the production of greenhouse gasses, representing 27% of all emissions.[1] Over the past
decade, however, renewable energy has become a significant source of new power genera-
tion. According to the International Energy Agency (IEA), global renewable power capacity
is predicted to expand by 50% within the next five years, with solar photovoltaics (PV)
expected to account for almost 60% of that growth.[2]
In addition to expanding existing power capacity, solar PV can provide power to develop-
ing countries where electricity has previously been inaccessible. In 2014, the IEA estimated
that two-thirds of Africa’s population did not have access to electricity[3] and yet many
parts of Africa receive more than 2000 kWh of global solar radiation annually.[4] The United
Nations and the World Bank, in addition to a number of other partners, have committed
to expanding access to sustainable energy under the Sustainable Energy for All (SE4All)
initiative.[5] PV is positioned to play a critical role in meeting these objectives due to its
unique ability to scale, ranging from individual systems at the watts or kilowatts-scale to
power plants capable of generating hundreds of megawatts. It can therefore augment power
within an existing network (i.e. grid-tied) or provide off-grid electricity access in remote
locations (i.e. stand-alone systems). Due to the inter-dependent influences of PV module
cost reductions, policy initiatives and technical innovations, solar PV is well-positioned to
contribute substantially to the future supply of global energy.
In the near future, silicon (or Si) is expected to remain the industry-dominant PV tech-
nology. The abundance and non-toxicity of Si, in addition to demonstrated reliability of Si
PV modules, offer considerable advantages over other PV technologies. As Si manufactur-
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ing volumes increase, the cost of Si cells continues to decrease, so that module fabrication,
balance of systems (BOS) and installations expenses make up a larger portion of the overall
system costs.[6] In light of these considerations, solar cell efficiency becomes a key cost driver
because more power can be achieved with less device area, thereby requiring less of these
ancillary costs.
The research reported in this thesis focuses primarily on technical innovations to improve
the efficiency of PV cells, but it also addresses cost reduction and the reliability of these cells.
Cost, efficiency and reliability are inevitably interconnected and so the goal is to improve
each without compromising the others.
1.2 Motivation for III-V-on-Si tandem research
Single-junction (SJ) silicon cells are currently the standard technology for the PV in-
dustry. Substantial research and development (R&D) has been invested in optimizing the
efficiency of these devices over the last few decades and the success of these efforts is evident
in Kaneka’s 2017 record cell efficiency of 26.7%.[7] Companies at the forefront of this industry
are investing considerable effort into optimizing SJ solar cells by minimizing metallization-
related shadow losses and reducing recombination losses at the surfaces and below the con-
tacts. Kaneka’s record also shows, however, that the PV industry is rapidly approaching the
theoretical efficiency limit of 29.6% SJ Si.[8]
Multijunction (MJ) solar cells are a key pathway towards achieving higher efficiencies
by stacking layers of PV materials, each optimized to absorb a specific portion of the solar
spectrum, as shown in Figure 1.1. MJ cells employ a variety of PV materials, designed with
subcells that have descending energy bandgaps as the light travels through the cell. This
allows the high energy photons to be converted to electricity at a higher voltage and reduces
thermalization losses associated with energy dissipation to the band edge, that would occur if
the light were absorbed by the narrower bandgap subcell(s). In this document and through-
out the literature, wafer-bonded and mechanically stacked devices are designated with a
double slash (e.g. GaAs//Si) which distinguishes them from monolithically grown devices
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denoted with a single slash (e.g. GaAs/Si). Details regarding these tandem fabrication
techniques will be provided below.
Figure 1.1: Schematic illustrating the spectral irradiance of the air mass (AM) 1.5G spec-
trum, showing the wavelength range of absorption indicated for GaInP (assuming Eg=1.8
eV), GaAs (assuming Eg=1.4 eV) and Si (assuming Eg=1.1 eV).
The highest efficiency MJ solar cells have been achieved with III-V semiconductors, as
demonstrated with the recent six-junction (6J) cell with a certified cell efficiency of 47.1%
under 143 Suns concentration. This device was monolithically grown by metalorganic vapor
phase epitaxy (MOVPE), using III-V semiconductor alloys with near-ideal bandgaps for a
6J device.[9] In addition to high efficiency, III-V devices also exhibit excellent reliability, but
the high cost of III-V MJ cells has so far limited their utility to satellite applications.
Hybrid tandem solar cells combine dissimilar PV materials to form a MJ device. Si pro-
vides an excellent bottom cell material for a hybrid tandem device because Si is a mature
PV technology capable of high efficiency and excellent reliability and it could enable lower
manufacturing cost compared to all-III-V MJ solar cells. There exists a range of PV ma-
terials with a wider bandgap than Si but, to obtain an efficiency benefit from the tandem
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configuration, the top cell(s) must be able to convert the short wavelength region of the solar
spectrum at a higher efficiency than a Si cell alone. A key parameter used to evaluate the
potential performance advantage that a top cell material may offer, when paired with a Si
bottom cell, is the spectral efficiency, or the efficiency resolved by wavelength. The top cell
candidate materials with the most favorable spectral efficiencies, compared to Si, are GaInP,
GaAs and perovskites.[10]
When paired with one (or both) of these III-V top cells, Si has a near optimal bandgap
(1.12 eV) for attaining the maximum theoretically possible tandem cell efficiencies. Numer-
ical simulations predict a 1-sun efficiency limit of 45% for a dual-junction (2J) device with
a Si bottom cell, which is very close to the maximum efficiency of 46% that is predicted for
a 2J device with a fully optimized combination of subcell bandgaps. If Si is the bottom cell
of a triple-junction (3J) tandem stack (i.e. GaInP/GaAs//Si), the efficiency limit increases
to almost 49.8%.[11]
III-V//Si tandem cells have already achieved efficiencies that significantly exceed the
theoretical efficiency limit of Si, with 1-sun record efficiencies of 32.8% for a 2J GaAs//Si cell
and 35.9% for a 3J GaInP/GaAs//Si cell. The record efficiency for the 2J GaAs//Si (32.8%)
cell is equivalent to that of the record efficiency for the 1-sun all-III-V GaInAsP/GaInAs
2J cell, fabricated by LG Electronics.[7, 12] Moreover, in comparing these record tandem
cell efficiencies to the aforementioned theoretical efficiency limits for MJ cells, there exists
considerable room for further improvement.
1.3 Device designs for III-V//Si tandem cells
Research into III-V/Si devices has been underway for decades, employing three methods
for integrating the subcells: Heteroepitaxial (or monolithic) growth, wafer bonding and
mechanical stacking. In theory, direct growth on the Si bottom cell would be the most
elegant approach since Si wafers are less expensive than GaAs and Ge wafers, which are
typically used as substrates for III-V growth. Heteroepitaxial growth on Si, however, is
extremely challenging, primarily due to lattice-mismatch between the III-V material and Si.
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Direct heteroepitaxial growth of III-V material on Si requires a two-step process, starting
with low temperature growth (≈400◦C) to initiate GaAs nucleation, followed by higher
temperature growth (600 – 750◦C) to improve epitaxial uniformity. Subsequent growth
employs thermal cycle annealing and/or strained-layer super lattices to reduce stress in
the lattice, thereby reducing the defect density.[13, 14] More recent growth techniques use
metamorphic graded buffer layers (e.g. SixG1−x, GaAsyP1−y) that change the composition
of each layer thereby gradually changing the lattice constant from Si to that of the III-V
material. This approach addresses the lattice-mismatch challenge but can lead to resistance
and optical losses associated with the buffer layers. The incorporation of graded buffer layers
has resulted in record cell efficiencies of 20.1% for a 2J GaAsP/Si cell and 24.3% for a 3J
GaInP/GaAs/Si cell.[7, 13, 15, 16] Although considerable progress continues to be made
with heteroepitaxial growth on Si, the efficiencies have not yet surpassed that of SJ Si alone.
Wafer bonding and mechanical stacking are two alternative approaches to subcell inte-
gration methods that are not constrained by lattice-mismatch issues. For wafer bonding, the
bonding layer (e.g. n+ GaAs) is typically very thin, which minimizes losses compared to
the heteroepitaxial buffer layers. The main challenges for this technique are attaining both
smooth bonding surfaces and a conductive bond. These requirements necessitate polishing
and the removal of any insulating material, prior to bonding.[13] The highest efficiency wafer-
bonded devices use a wafer pre-process technique known as surface-activated bonding (SAB)
which employs fast atom bombardment to atomically clean and activate the surface for bond
formation at the subcell interface.[13, 17, 18] The record efficiency for a wafer-bonded MJ
cell is 34.1% for a 3J GaInP/AlGaAs//Si cell and 21.1% for a 2J AlGaAs//Si cell.[7, 17, 19]
Currently, the highest efficiency MJ cells have been fabricated by mechanically stack-
ing the subcells, resulting in the aforementioned 1-sun efficiency records of 32.8% for a 2J
GaAs//Si cell and 35.9% for a 3J GaInP/GaAs//Si cell.[7, 12] The subcells can be indepen-
dently optimized during fabrication and then stacked together using a transparent adhesive.
In contrast to wafer bonding, the subcells do not need to be polished or atomically cleaned
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to achieve adhesion. This enables the use of a textured bottom cell which expands the range
of potentially compatible Si bottom cells and can improve optical absorption in the Si. Both
wafer bonding and mechanical stacking, however, require epitaxial growth of the III-V top
cell on a GaAs or Ge substrate and subsequent removal of the growth substrate, thereby
increasing fabrication costs.[12, 13]
These mechanically-stacked record efficiency MJ cells, however, were fabricated as 4-
terminal (4T) tandem cells as opposed to the 2-terminal (2T) design of the wafer-bonded and
heteroepitaxially-grown record efficiency cells. For 2T designs, the subcells are connected
in series whereas 4T designs allow the subcells to operate independently. While the 4T
designs enable separate optimization and relatively easy integration of the subcells, these 4T
configurations increase the complexity of interconnecting the tandem cells into a module. In
contrast, the design and integration of the 2T tandem subcells is more complex but, in a
module, these MJ cells are a drop-in replacement for 1J cells. This significantly simplifies
cell interconnection and allows the 2T tandem cell designs to leverage industry-standard PV
equipment and expertise. At present, a 2T interconnection scheme is used in all industry-
scale MJ cell architectures (e.g. for space applications, concentrating photovoltaics and
thin-film cells).
The number of terminals in a MJ cell is a critical design consideration. In addition to the
more traditional 2T and 4T designs, the 3-terminal (3T) cell configuration has become an
active area of MJ cell research. Figure 2 shows schematics of a 2J III-V//Si cell for each ter-
minal configuration. The 2T configurations offer the simplest design for cell interconnection
but require current matching between the top and bottom cells which narrowly constrains
the material options for the top cell. The 2T designs also require a tunnel junction (TJ) to
interconnect the subcells, but the TJ can introduce resistive and optical losses. In addition,
recent simulations show that the 2T tandem cells produce significantly less energy under
varying spectral conditions.[20]
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Figure 1.2: Terminal configurations of III-V//Si tandem cells. The 3T and 4T cell designs
depict tandem cells fabricated for this thesis. The 3T tandem design shown here is a new
superstrate structure developed in the context of this Ph.D. research. It uses a transpar-
ent conductive adhesive (TCA) to interconnect the subcells and is shown connected in the
common Z (CZ) configuration (details provided in Chapter 4).
The 4T configurations, on the other hand, do not require current matching between the
sub-cells and thus allow for greater design flexibility. The 4T subcells are not electrically
connected so performance compromises do not need to be made for material compatibility
and/or subcell integration. Moreover, recent simulations indicate that the performance of
the 4T tandem cells is robust to spectral variations.[20] A key disadvantage to the 4T designs,
however, is that the additional contact at the back of the top cell (e.g. via metal grids and/or
transparent conductive layers) increases resistive losses and reduces the transmission of light
to the bottom cell. Moreover, the 4T designs are currently incompatible with monolithic
growth.[20]
The 3T configuration is a hybrid approach devised to address the constraints of the other
two. Simulations indicate that the additional back contact associated with the inter-digitated
back contact (IBC) Si bottom cell enables excess photocurrent extraction which circumvents
the need for current matching between the subcells and should allow for design flexibility
comparable to the 4T designs. These simulations also suggest that the 3T tandem cells
are robust to spectral variations. The 3T designs, however, do not require an intermediate
contact and therefore avoid the bottom cell shading and resistive losses associated with the 4T
designs. The 3T tandem designs are compatible with mechanical stacking (if a transparent
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conductive adhesive (TCA) is used), wafer bonding or monolithic growth (if a TJ replaces the
TCA).[20] The specific 3T tandem design shown in Figure 1.2 is a new superstrate structure
that was developed as part of this Ph.D. research. Further details about the cell design will
be provided in Chapter 4.
1.4 Operation of III-V//Si tandem cells in the 2T, 3T and 4T configurations
To explain the way in which a tandem solar cell operates with 2-, 3- and 4-terminals,
it may provide clarity to start by describing the operation of a SJ solar cell. All SJ solar
cells have two terminals for the n- and p-type contacts. The highest 1-sun efficiency SJ solar
cell has been attained with a 29.1% GaAs cell, fabricated by Alta Devices in 2018.[7, 21]
Although some details of the cell design are provided in patents,[22, 23] the doping of the
individual III-V layers is unknown. Also, the design of the record efficiency GaAs cell would
not be directly applicable to a tandem application since it employs a highly-reflective metal
back contact which improves photon recycling in a SJ cell but would block light transmission
to the bottom cell, in a tandem configuration.
As the basis of comparison, we instead use a rear heterojunction (RHJ) GaAs solar cell
with the same structure as the top cell used in the record 4T mechanically-stacked GaAs//Si
cell in Essig et al.[12, 24]. This particular cell is used as an example because electrochemical
capacitance-voltage (ECV) and device-level capacitance-voltage (C-V) data were collected
for similar RHJ cells in Chapter 2. Where the materials differ, the carrier concentrations
were estimated in consultation with Dr. John Geisz, Senior Scientist in NREL’s III-V team.
The band diagram for this cell is shown in Figure 1.3, along with the band gaps (Eg) and
carrier concentrations for each layer.
As the “heterojunction” name implies, the p-n junction of the cell is formed so that
the depletion region spans two different materials, the n-type GaAs emitter and the p-type
GaInP back surface field (BSF). The cell is designed to absorb high energy photons in the 2
µm-thick GaAs emitter, with higher bandgap materials grown both in front of and behind
the GaAs layer, to transmit light to the top and bottoms cells, respectively. The design also
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Figure 1.3: Band diagram of the rear heterojunction (RHJ) GaAs top cell used in the record
2J 4T GaAs//Si tandem cell. The carrier concentrations and band gaps of each layer are
indicated in the cell schematic and the depletion region is depicted in yellow. A photo of a
4T tandem top cell is also provided, to show the location of the contacts.[12]
includes a 0.5 µm p-type AlGaAs lateral conduction layer (LCL), to transport holes from the
BSF to the Au gridlines at the rearside, which connect to the Au periphery that surrounds
the cell. The Au gridlines at the front of the cell (shown in the photo in Figure 1.3) make
contact to the n-type window layer. The external circuit of this 2T top cell is formed by
contacting the Au busbar (shown at the bottom of the Au gridlines in Figure 1.3) to the Au
periphery in contact with the p-type LCL. The current density-voltage (J-V) curve for this
top cell is shown as the purple curve in Figure 1.4.
The J-V curve for the bottom cell of the record 4T tandem cell is also shown as the red
curve in Figure 1.4, as measured while the top cell was held at its maximum power point
(Pmax) to simulate operating conditions in the field. The 4T tandem cell is composed of two
2T tandem subcells that are optically coupled but electrically isolated from one another, in
this case by a thin (0.6 mm) glass slide that supports the III-V top cell during processing.
The Si bottom contacts are the n- and p-type busbars of the IBC cell. The overall cell
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Figure 1.4: J-V curves for the record 2J 4T GaAs//Si tandem cell, as reported in Essig
et al.[12] The top cell was held at Pmax during J-V characterization of the bottom cell to
simulate operating conditions in the field. The 4T tandem efficiency is calculated by adding
the efficiency of each 2T tandem subcell.
efficiency is found by summing the two individual J-V curves (26.8% + 6.0% = 32.8%).
The plot in Figure 1.5 shows simulations from Almansouri et al. predicting the maximum
efficiency for 2J 4T tandem subcell combinations, based upon the bandgap of the top cell
vs. the bandgap of the bottom cell.[11] The arrows indicate the position of the bandgaps
for NREL and CSEM’s world record 2J 4T cell efficiencies reported in Ref. [12]. Although
simulations predict that the bandgap for GaInP is closer to the ideal bandgap for a III-V//Si
tandem top cell, the NREL-certified data demonstrate that a slightly higher efficiency can
be achieved with a GaAs//Si tandem device. Without the 2T requirement to current match
the top and bottom cells, the 4T GaAs//Si tandem device can take full advantage of NREL’s
highest efficiency SJ III-V device, the GaAs cell.[12]
It is instructive to consider, hypothetically, what the 2T performance of the record 4T
GaAs//Si tandem solar cell might be. If these subcells were contacted in series with a tunnel
junction at the subcell interface (instead of glass), then the 2T tandem performance could
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Figure 1.5: Modeling of the maximum efficiency (assuming 1-sun AM1.5G spectrum) for 2J
cells in the 4T configuration from Almansouri et al. predict a higher efficiency for a GaInP
top cell than a GaAs top cell.[11] Record 4T 2J cell results from Essig et al., however, show
a slightly higher efficiency for GaAs//Si.[12] Plot Copyright c© 2015, IEEE, reproduced with
permission (Appendix D, Figure D.10).
be measured by contacting the n-type front contact of the GaAs top cell and the p-busbar
of the IBC bottom cell. If operated in the 2T configuration, the tandem Voc would be
approximately the sum of the two subcell Voc values (i.e. 1.092 + 0.683 = 1.775 V) but the
Jsc would be severely constrained by the current-limiting Si subcell (i.e.≈ 11.07 mA/cm
2).
Assuming that the 2T FF remains the same as the top cell FF in the 4T configuration
(which is an arbitrary assumption, since this would have to be measured), the efficiency of
the tandem cell would be reduced from 32.8%, to 16.8%. In reality, however, it is likely
that the overall Jsc of the 2T tandem cell would operate at a slightly higher Jsc than that
of the Si subcell, as measured with the top cell at Pmax. The current constraint of the Si
bottom cell would force the GaAs top cell to operate at a voltage close to its open circuit
voltage (Voc), which would cause the excess carriers to radiatively recombine, resulting in
luminescent coupling that would generate a higher photocurrent in the bottom cell, thereby
slightly increasing the overall current limit of the 2T tandem system.
There are, however, design modifications that could be made to this (hypothetical) 2T
tandem cell that could dramatically improve the performance. One key feature of III-V
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materials is the flexibility with which a range of compounds can be combined to enable
extensive bandgap engineering. For the case in question, if the GaAs top cell were grown with
AlAs to form AlxGa1−xAs, the bandgap would increase with the increase in Al content.[25] A
top cell with a broader bandgap than GaAs will convert light to electron-hole pairs at a higher
voltage while simultaneously transmitting more light to the Si bottom cell, thereby bringing
the subcells closer to the current-matched condition required to optimize efficiency in a 2T
tandem configuration. The highest efficiency attained for a 2T 2J III-V//Si tandem is 21.1%,
which was achieved with a wafer-bonded AlGaAs//Si tandem cell, using an Al0.2Ga0.8As top
cell with a bandgap of 1.71 eV.[19] Although this offers an improvement upon the efficiency
calculated above for a hypothetical 2T GaAs//Si tandem cell (16.8%), it is still considerably
lower than the record efficiency for a SJ GaAs cell (29.1%).
Another approach, however, to improving the performance of the aforementioned hy-
pothetical 2T GaAs//Si cell is to include the n-busbar of the IBC bottom cell as a third
terminal of the tandem cell. Simulations predict that the inclusion of a third terminal will
enable the extraction of surplus current from mis-matched tandem subcells. The initial re-
sults for a 3T GaAs//Si cell presented in Chapter 4 exhibit an efficiency of 21.3%, with a
strategy for optimization outlined in the supporting information.
A 3T tandem cell, however, is more complex than the 2T or 4T tandem cells because it
consists of two circuits with a common terminal that interact during cell operation. NREL’s
Hybrid Tandems team has recently published a taxonomy for 3T tandem (3TT) cells. There
are numerous 3TT cell designs detailed in the literature, but the structure explored within
the context of this thesis incorporates similar subcells to the constituent components of the
record 4T III-V//Si cells, as evident from the comparison of the 3T and 4T tandem cell
designs shown in Figure 1.2. The top cell is n/p with a textured IBC bottom cell that has
a n-type bulk absorber and a single (i.e. uni) minority carrier contact, which is designated
as nuIBC. This combination forms a 3TT cell with subcells that have opposite doping at
their shared interface (or a series (s) interconnection), resulting in a 3TT cell described as
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III-V/s/nuIBC, according to the new 3T taxonomy.
The new taxonomy also defines the contacts of any 3TT cell as the T (top), R (root or
raiz) and z (zusatzlich, or additional), as labeled on the 3T schematic. The schematic in
Figure 1.2 shows the three terminals connected in the common Z (CZ) configuration, with
the n-busbar of the IBC bottom cell as common to both circuits, resulting in a TZ and
an RZ circuit. 3TT cells can be interconnected in three different ways, with each of the 3
terminals as common to two circuits. In this thesis, all reported 3TT data were measured
in the CZ configuration, since this allows the two circuits to produce power simultaneously
at their maximum power point (Pmax), which provides the most direct way of analyzing the
performance of the subcells.
The RHJ top cell (shown in Figure 1.3) can be integrated with a textured Si IBC bottom
cell (as provided by Institute for Solar Energy Research Hamelin (ISFH), described in detail
in Ch. 4) into a 3TT cell by depositing indium tin oxide (ITO) at the interface surface
of each subcell and then laminating the subcells together with a transparent conductive
adhesive (TCA) between them to form the necessary series connection. The resulting band
diagrams for the TZ and RZ circuits of the 3TT cell connected in the CZ configuration are
shown in Figure 1.6. The ITO/TCA/ITO interface is approximated as a single n+ ITO
layer that forms the tunnel junction with the p+ AlGaAs layer at the back of the III-V top
cell. The doping for the Si IBC bottom cell was provide via personal communication with
Michael Rienäcker at ISFH.
There are two methods to obtain the Pmax of a 3TT cell:
• Measure the J-V data for the two circuits (TZ and RZ) under conditions that are
carefully constrained to account for luminescent coupling. The TZ circuit approximates
the performance of the top cell (with the internal resistance between the back of the
top cell and the n-busbar of the IBC bottom cell) and the RZ circuit measures the IBC
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Figure 1.6: These band diagrams assume the 3T superstrate III-V/s/nuIBC cell connected in
the common Z (CZ) configuration, as illustrated in the center schematic shown in Figure 1.2).
Band diagrams of a GaAs/s/nuIBC tandem cell are shown for the a) TZ circuit and b)RZ
circuit. The carrier concentrations and band gaps assumed for each layer are provided below
each band diagram. In the TZ circuit, the ITO/TCA/ITO interface between the subcells is
approximated by a single thin n+ ITO layer.
14
• Systematically vary the voltages (VTZ and VRZ) and measure the (JTZ and JTZ) across
the entire voltage space to obtain a power-voltage-voltage (P-V-V) plot.
The sum of the Pmax values obtained from the J-V curves measured for each circuit
should provide a close approximation of the Pmax value determined from the P-V-V plots, if
the resolution of the P-V-V plot is sufficient. Both of these characterization procedures are
described in greater detail in Chapter 4.
It should be noted, however, that the 3TT results presented in Chapter 4 used cells
fabricated with a traditional (i.e. front junction or FJ) cell design, rather than the RHJ cells
used for the 4TT top cells.[24]. The run sheets for all of III-V cells grown for the research
presented in this thesis are included in the appendices (sorted by chapter).
1.5 Overview of content summarized in thesis chapters
As outlined above, III-V//Si tandem solar cells have demonstrated efficiencies beyond
what can theoretically be achieved by SJ Si solar cells, but III-V costs are currently at least
an order of magnitude higher than Si costs. Cost modeling suggests that III-V//Si tandem
fabrication costs could be reduced by using hydride vapor phase epitaxy (HVPE) to grow
the III-V top cells but this cost modeling raised the question of whether the performance
of HVPE-grown top cells could rival that of the top cells grown via MOVPE, the technique
typically used for the highest efficiency III-V cells. In the study entitled, “Towards low
cost 4T GaAs//Si tandem solar cells” (Chapter 2 of this thesis), I analyze the performance
of an HVPE-grown GaAs top cell incorporated into a 4T GaAs//Si tandem cell (29%) in
comparison to a MOVPE-grown GaAs//Si tandem cell (29.6%) with the same structure.
I then modeled near-term optimizations to the HVPE-grown top cell that could bring the
tandem cell efficiency to over 31%.
Another important topic to investigate is the reliability of III-V//Si solar cells, under
various environmental stress conditions. In Chapter 3, I summarize the characterization
results for two 4T GaInP//Si solar cells, one control sample and one flight cell, that was
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incorporated into the National Aeronautics and Space Administration’s (NASA’s) Materials
International Space Station Experiment-X (MISSE-X) and launched (on March 7th, 2020)
for 6 months of exposure on-sun at the International Space Station (ISS). This chapter
documents the pre-flight data that will be used as the basis of comparison to data that will
be collected, once the cell is returned to Earth.
The comparison between GaAs//Si and GaInP//Si was revisited in the paper entitled,
“Design flexibility of 3T tandems: A performance comparison between GaInP//Si and
GaAs//Si” (Chapter 4 of this thesis). Both cells exhibited almost identical efficiencies,
despite minimal subcell current mismatch for GaInP//Si and substantial subcell current
mismatch, in the case of GaAs//Si. These results support the aforementioned simulations
indicating that the inclusion of a third terminal allows the extraction of surplus photocurrent
from current mismatched subcells, thereby confirming that the 3T design enables a wider
variety of material options for the top cell, similar to the 4T design.
As evident from the preceding Introduction, there are advantages and disadvantages to
each of the 2T, 3T and 4T III-V-on-Si tandem cell designs. As discussed in the conclusion to
this thesis, future research will need to shift the emphasis from the laboratory to the field (and
space), to evaluate which cell design(s) may ultimately be feasible for commercialization.
1.6 Contribution to the field of III-V//Si tandem cell research
The most significant achievement attained as a result of this Ph.D. research is the devel-
opment of the 3T superstrate structure described in Chapter 4, with the detailed fabrication
process provided in Appendix C. This cell structure evolved from a previous 3T tandem cell
design reported in Schnabel, et al.[26] While the previous design has achieved the highest
3T III-V//Si tandem cell efficiency to-date (27.3%), challenges with the fabrication pro-
cess repeatedly compromised the resulting performance of these cells, thus motivating the
development of the 3T superstrate structure.
The previous cell fabrication process involved stacking the subcells together at the begin-
ning of the top cell fabrication process, so that the Si bottom cell was the thickest component
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of the 3T tandem cell stack. The two most significant challenges posed by the previous cell
design are:
• the need to protect the Si bottom cell during top cell fabrication
• the fragility of the resulting cell stack (i.e. susceptibility to cracks)
The superstrate structure was devised in an effort to resolve these challenges.
The front glass included in the 3TT superstrate design supports the III-V top cell during
the cell fabrication process. This both allows the top cell to be processed independently
of the bottom cell and provides mechanical support to the resulting structure, to prevent
cracking. The biggest challenge with this superstrate cell design is the prevention of top cell
shunting due to inadvertent electrical contact between the top cell front contact and the Si
bottom cell. This required:
• minimization of the Au area of the top cell front contact
• insulation of the Au front contact area, except at the outer edges (i.e. to make contact
to the top cell)
• cleaving the edges of the Si bottom cells (outside of the active area)
• the use of a laminator instead of a hot press to enable a reduction in the pressure
applied during cell stacking (from 10 psi to 3 psi)
The top cell mesa area was also increased slightly, to prevent over-etching along the III-V
cell periphery which occasionally led to compromised contact between the top cell gridlines
and the Au periphery that forms the top cell front contact. Again, the full 3TT superstrate
cell processing details are provided in Appendix C.
The initial results for this superstrate cell design are presented in Chapter 4. The per-
formance is lower than the record 3T tandem cell mentioned previously,[26] but the device
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design itself is more robust. Optimized results are possible with reduced risk of subcell
compromise and/or cracking throughout cell processing. The results could be improved by
addressing optical losses and co-optimizing the optical and electrical properties at the sub-
cell interface, as detailed in Chapter 4. The optimization studies necessary to improve upon
these initial results are currently underway at NREL.
1.7 Summary of Ph.D.-related publications
I came into the CSM Materials Science program with a thesis-based Master’s in Physics
from Portland State University, completed in 2007, with Prof. Rolf Könenkamp as my Ad-
visor. The title of my Master’s thesis is, “Thin Film Solar Cells Using ZnO Nanowires,
Organic Semiconductors and Quantum Dots”. Prior to attending CSM as a full-time gradu-
ate student in the Materials Science program in 2015, I was a full-time employee at NREL.
While at NREL, I completed graduate-level courses in the CSM Physics department as part
of NREL’s Tuition Reimbursement Program, to fulfill the elective credit requirements in
pursuit of a Ph.D..
When I started full-time in the CSM Materials Science program in 2015, I was originally
working with NREL’s PV Reliability and Systems Performance team, with Dr. Sarah Kurtz
as my Advisor. I contributed to a number of studies as a graduate student with this group,
as evident in the co-authored publications listed below. My first Ph.D. research project
was focused on light induced degradation (LID) and light and elevated temperature induced
degradation (LeTID) in c-Si Passivated Emitter and Rear Contact (PERC) solar cells and
modules. This research ended with Dr. Kurtz’s retirement from NREL in 2017, before I
proposed the Ph.D. project to my Thesis Committee and before the completion of any first-
author publications on the topics of LID and LeTID. Dr. Adele Tamboli graciously offered
me a position as a graduate student working on III-V//Si tandem cells with NREL’s Hybrid
Tandems team in the fall of 2017.
A summary of my Ph.D.-related publications is provided below, listed in chronological
order.
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1.7.1 First-author peer-reviewed publications
• “Future Prospects for III-V//Si Tandem Solar Cells”, Kaitlyn VanSant, Adele Tamboli,
Emily Warren, Invited Joule Commentary, In preparation
• “Design Flexibility of 3-Terminal Tandems: A Performance Comparison Between GaIn-
P//Si and GaAs//Si”, Kaitlyn VanSant, John Geisz, Talysa Klein, Steve Johnston,
Michael Rienäcker, Henning Schulte-Huxel, Robby Peibst, Adele Tamboli, Submitted
(Currently responding to reviewer comments)
• “Toward Low-Cost 4-Terminal GaAs//Si Tandem Solar Cells”, Kaitlyn VanSant, John
Simon, John Geisz, Emily Warrant, Kevin Schulte, Aaron Ptak, Michelle Young,
Michael Rienäcker, Henning Schulte-Huxel, Robby Peibst and Adele Tamboli, ACS
Applied Energy Matrials, Volume 2, Issue 4, 2375 – 2380, 2019.[27]
1.7.2 First-author proceedings
• “HVPE-Grown GaAs//Si Tandem Devices”, Kaitlyn VanSant, John Simon, Manuel
Schnabel, John Geisz, Kevin Schulte, Aaron Ptak, Michelle Young, David Guiling,
Waldo Olavarria, Michael Rienäcker, Henning Schulte-Huxel, Raphael Niepelt, Sarah
Kajari-Schroeder, Rolf Brendel, Robby Peibst, Adele Tamboli, Proc. 45th IEEE Pho-
tovoltaics. Spec. Conf., 2018.[28]
• “Performance of III-V-on-Silicon Tandem Solar Cells”, Kaitlyn VanSant, Emily War-
ren, Manuel Schnabel, Talysa Klein, Maikel van Hest, John Geisz, Myles Steiner,
Mike Deceglie, Paul Stradins, John Simon, Michael Rienäcker, Henning Schulte-Huxel,
Robby Peibst, Rolf Brendel, Agnes Merkle, Jan Schmidt, Sarah Kajari-Schroeder,
Adele Tamboli, Proc. 28th Workshop on Crystalline Silicon Solar Cells and Modules:
Materials and Processes, pgs. 206 – 208, 2018.[29]
• “Investigation into the Stability of Regenerated p-PERC Modules”, Kaitlyn VanSant,
Steve Johnston, Dana Sulas, Kent Terwilliger, Ingrid Repins, Cassidy Sainsbury, Ron
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Sinton and Peter Hacke, Proc. 28th Workshop on Crystalline Silicon Solar Cells and
Modules: Materials and Processes, pgs. 154 – 157, 2018.[30]
1.7.3 Co-authored publications
• “Optimizing the top cell absorbing layer thickness in rear heterojunction GaAs on
Si tandem solar cells in the four terminal configuration”, Riley Whitehead, Kaitlyn
VanSant, Jeronimo Buencuerpo, Michael Rienäcker, John Geisz, Adele Tamboli, In
preparation.
• “Stabilization of Light-Induced Effects in Si Modules for IEC 61215 Design Qual-
ification”, Ingrid Repins, Friedriche Kersten, Brett Hallam, Kaitlyn VanSant, Max
Köntopp, In preparation.
• “A Taxonomy for Three-Terminal Tandem Solar Cells”, Emily L Warren, William E
McMahon, Michael Rienäcker, Kaitlyn T VanSant, Riley C Whitehead, Robby Peibst,
Adele C Tamboli, ACS Energy Letters, Volume 5, Number 4, pgs. 1233 -1242, 2020.[31]
• “Photovoltaic failure and degradation modes”, Dirk Jordan, Timothy Silverman, John
Wohlgemuth, Sarah Kurtz and Kaitlyn VanSant, Progress in Photovoltaics, Volume
25, Issue 4, pgs. 318 – 236, 2017.[32]
• “Investigation of Correlation between Field Performance and Indoor Acceleration Mea-
surements of Potential Induced Degradation (PID) for c-Si PV Modules”, Yifeng Chen,
Kaitlyn VanSant, Yong Sheng Khoo, Zigang Wang, Wei Luo, Christopher A Deline,
Peter L Hacke, Jing Chai, Li Yin, Yan Wang, Armin G Aberle, Yang Yang, Pietro
Altermatt, Zhiqiang Feng, Sarah Kurtz, Pierre J Verlinden, Proc. 33rd European Pho-
tovoltaic Solar Energy Conference and Exhibition, 2017.[33]
• “Illuminated outdoor luminescence imaging of photovoltaic modules”, Timothy J Sil-
verman, Michael G Deceglie, Kaitlyn VanSant, Steve Johnston, Ingrid Repins, Proc.
45th IEEE Photovoltaics. Spec. Conf., 2017.[34]
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• “Compendium of photovoltaic degradation rates”, Dirk Jordan, Sarah Kurtz, Kaitlyn
VanSant, Jeff Newmiller, Progress in Photovoltaics, Volume 24, Issue 7, pgs. 978 - 989,
2016.[35]
• “Elucidating PID Degradation Mechanisms and In Situ Dark I-V Monitoring for Mod-
eling Degradation Rate in CdTe Thin-Film Modules”, Peter Hacke, Sergiu Spataru,
Steve Johnston, Kent Terwilliger, Kaitlyn VanSant, Michael Kempe, John Wohlge-
muth, Sarah Kurtz, Anders Olsson, Michelle Propst, IEEE J. Photovoltaics. Volume
6, Issue 6, 1635 – 1640, 2016.[36]
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CHAPTER 2
HYDRIDE VAPOR PHASE EPITAXY (HVPE) STUDY: TOWARDS LOW COST
4-TERMINAL GAAS//SI TANDEM SOLAR CELLS
A paper published in American Chemical Society (ACS) Applied Energy Materials.1
Kaitlyn T. VanSant,2John Simon,3John F. Geisz,4,Emily L. Warren,5 Kevin L. Schulte,6
Aaron J. Ptak,7 Michelle S. Young,8 Michael Rienäcker,9 Henning Schulte-Huxel,10 Robby
Peibst,11 Adele C. Tamboli12
At the time this paper was published, NREL’s Hybrid Tandems team had recently pub-
lished the record efficiency III-V//Si tandem solar cells reported in the Introduction. This
study also included a techno-economic analysis that found at least an order-of-magnitude
disparity between the cost of conventional Si solar cells and III-V//Si tandem cells.[12] A
key factor in reducing these costs is the identification of an alternative III-V deposition tech-
nique that enables higher growth rates, lower precursor costs and comparable performance
when compared to traditional MOVPE. In this paper, we report on a mechanically stacked
GaAs//Si tandem solar cell that was fabricated from GaAs grown via HVPE, a III-V deposi-
tion technique that enables higher throughput at lower cost. We achieved an NREL-certified
1Reprinted (adapted with permission from ACS Appl. Energy Mater. 2019, 2, 4, 2375–2380. Copyright 2019
American Chemical Society. See Figure D.1 for permission granted for reuse from ACS Applied Energy
Materials and co-authors.
2Graduate student, primary researcher and author
3NREL Scientist, advised on HVPE growth
4NREL Senior Scientist, advised on MOVPE growth and tandem cell characterization
5NREL Scientist, advised on tandem cell fabrication
6NREL Scientist, aided in characterization
7NREL Senior Scientist, advised on HVPE growth
8NREL Research Technician, aided in tandem cell fabrication
9Graduate student at Institute for Solar Energy Research Hamelin (ISFH), provided Si bottom cells
10ISFH Scientist, provided Si bottom cells
11ISFH Scientist, Principal Investigator at ISFH
12NREL Scientist, Joint Appointment with Colorado School of Mines, Principal Investigator at NREL,
Graduate Advisor
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efficiency of 29%, with comparable performance to a MOVPE-grown GaAs//Si tandem cell
with the same cell structure (29.6%).
I also simulated how these initial results could be improved upon with structural mod-
ifications to the top cell design. This optical modeling predicts that the inclusion of an
AlInP window layer and an AlGaAs lateral conduction layer into an optimized HVPE-grown
GaAs top cell could increase the tandem cell efficiency to 31.4%, which is approaching the
record GaAs//Si cell efficiency of 32.8%. This study confirms that HVPE could be a viable
alternative to MOVPE for III-V//Si tandem cells.
Full details about cell growth and fabrication for both the HVPE-grown GaAs top cell and
the MOVPE-grown GaAs top cell are provided in Appendix A. Copyright permission from
ACS Applied Energy Materials and co-author approval for reproduction of this publication
in this thesis are provided in the supplemental files (as detailed in Appendix D).
2.1 Abstract
Mechanically-stacked III-V-on-Si (III-V//Si) tandem solar cells have demonstrated ef-
ficiencies beyond what can theoretically be achieved by single junction Si solar cells, but
III-V costs are currently at least an order of magnitude higher than Si costs. Recent techno-
economic analysis shows that costs could be substantially reduced by replacing traditional
metalorganic vapor phase epitaxy (MOVPE) with a lower-cost III-V deposition technique,
such as hydride vapor phase epitaxy (HVPE). This study analyzes the performance of an
HVPE-grown GaAs top cell incorporated into a 4-terminal (4T) GaAs//Si tandem cell that
achieved an efficiency of 29%, which is the highest solar cell efficiency fabricated without
expensive deposition techniques such as MOVPE or molecular-beam epitaxy (MBE). We
compare these results to a MOVPE-grown GaAs//Si tandem cell that has the same struc-
ture. Finally, we model optimizations to the HVPE-grown GaAs top cell and demonstrate
a near-term pathway to 31.4% efficiency with a low-cost III-V deposition technique.
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2.2 Introduction
The record efficiency for a single junction (SJ) Si solar cells is 26.7%[7] which is approach-
ing the theoretical efficiency limit of 29.56% for this technology.[8] In contrast, the record
for a dual junction (2J) GaAs//Si tandem solar cell with sub-cells operated independently
(i.e. 4-Terminal or 4T) is 32.8%[12] with numerical simulations predicting a 1-sun efficiency
limit exceeding 40%.[11] This gap between the record GaAs//Si tandem cell efficiency and
the GaAs//Si theoretical efficiency limit offers promising opportunities for further improve-
ments to these devices. The costs associated with these high efficiency tandem solar cells,
however, are still at least an order-of-magnitude higher than the costs associated with con-
ventional Si solar cells.[37] A recent study provided techno-economic analysis for the costs
of 4T 2J III-V//Si tandem solar cells, and a key cost driver was today’s industry-dominant
MOVPE, which highlights the need for an alternative III-V deposition technique with in-
creased tool throughput and lower precursor costs.[12] One candidate technique that meets
these criteria is HVPE. It was estimated that this transition from MOVPE to HVPE, along
with optimized substrate reuse, higher manufacturing yield and a lower operating margin,
could lead to an 80% reduction in the $/W costs between the near-to mid-term projected
cost scenarios for GaAs//Si dual junction solar cells.[12]
HVPE is a promising, cost-effective alternative to MOVPE because it enables higher
throughput and avoids the need for intensive processing and purification to form the met-
alorganic reagents necessary for MOVPE. HVPE instead uses elemental group III material
and offers improved reactant utilization.[38] Although progress has recently been made to-
wards high-rate MOVPE growth,[39] traditional MOVPE typically exhibits thin-film growth
rates up to 15 µm/h for GaAs,[37] whereas HVPE has demonstrated GaAs growth rates up
to 300 µm/h.[40] A recent study investigated the performance of single junction GaAs solar
cells fabricated from HVPE-grown materials and found negligible variation in the Voc for a
series of cells grown at rates varying from 55 µm/h to 110 µm/h, indicating that the quality
of the material does not deteriorate with increasing growth rate.[41]
24
In an effort to evaluate whether these projected cost-reductions could be achieved without
compromising performance, this study reports on the performance of an HVPE-grown GaAs
top cell incorporated into a GaAs//Si tandem device with an efficiency of 29%. We also
analyze the performance of a GaAs//Si tandem cell fabricated with an MOVPE-grown GaAs
top cell that has the same structure as the HVPE-grown cell and compare the current-
density-voltage (J-V) and external quantum efficiency (EQE) characteristics of these two
GaAs//Si tandem cells. Finally, we simulate potential performance improvements that could
be achieved by first optimizing the current HVPE-grown GaAs top cell and then modifying
the device design to include aluminum. We predict a near-term pathway to 31.4%, based on
these modifications.
2.3 GaAs//Si Tandem Cell Results
Research into III-V/Si devices has been underway for decades, employing three methods
for integrating the sub-cells: Monolithic growth, wafer bonding and mechanical stacking.[15,
17, 42–45] We have previously reported on mechanically-stacked GaAs//Si solar cells with top
cells grown by MOVPE.[12] The primary difference between the GaAs top cells studied here
and our previously reported top cells is the omission of Al-containing layers. Incorporation
of Al in HVPE growth is challenging because of the reactivity of AlCl with the quartz reactor
walls.[46] Thus, NREL’s HVPE reactor was only recently retrofitted with an Al source. In
addition, Zn was used as the p-type dopant due to the current unavailability of any other
p-type dopants in NREL’s HVPE reactor, although there are no fundamental restrictions
that limit the use of other p-type dopants in this reactor.
The Si bottom cell is an inter-digitated back contact (IBC) Si bottom cell with polycrys-
talline silicon on oxide (POLO) passivating contacts, which was fabricated at the Institute
for Solar Energy Research in Hamelin (ISFH). Similar POLO-IBC Si bottom cells with an
active cell area of 4 cm2 have reached 1-sun efficiencies up to 26.1%, as confirmed by ISFH
CalTeC.[47] It should be noted, however, that the Si bottom cells used in this study have
a smaller active area and thus a higher perimeter-to-area ratio. Increased perimeter losses
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lead to slightly lower efficiencies when compared to the record POLO-IBC cell. Si bottom
cell fabrication follows Rienäcker et al. but with a p-type base and the dielectric stack shown
in Figure 1, which were optimized for stacking the sub-cells using epoxy.[48, 49]
The same Al-free GaAs rear heterojunction (RHJ) cell[24] structure was grown by both
HVPE and MOVPE. The thickness and carrier concentration of each layer in both the
MOVPE-grown and HVPE-grown GaAs top cells is provided in 2.6.1 of the supporting
information. To form the GaAs//Si tandem cells, each Al-free GaAs top cell was adhered
with epoxy to glass and then adhered with epoxy to a POLO-IBC Si bottom cell, following
the procedures outlined by Essig et al.[12, 44] Figure 2.1 shows a schematic cross-section of
the GaAs//Si tandem solar cells fabricated for this study. Both the top and bottom cells
have an active cell area of 1.00 cm2.
Figure 2.1: Schematic cross section of a 4T GaAs//Si tandem device with Al-free GaAs top
cell.
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The NREL-certified EQE and JV performance of the HVPE-grown (red) and MOVPE-
grown (blue) GaAs//Si tandem cells are shown in Figure 2.2 and summarized in Table 2.1.
(Further details of NREL’s cell certification provided in 2.6.2 of the supporting information).
The performance of the 4T tandem with an HVPE-grown GaAs top cell is very similar to
the 4T tandem with a MOVPE-grown GaAs, with minor differences detailed below.
Figure 2.2: a) EQE and b) JV results for HVPE-grown GaAs//Si (red) and MOVPE-grown
GaAs//Si (blue), both with the device structure depicted in Figure 2.1.
While the efficiencies of the two GaAs top cells are equal, within the limits of measurement
uncertainty, the differences in Jsc, Voc and fill factor (FF) exceed the respective measurement
uncertainties. The EQE (Figure 2.2a) of the HVPE-grown GaAs top cell is slightly lower
across most of the wavelength range due to a sub-optimal anti-reflective coating (ARC), and
at low wavelengths due to a thicker window layer in the HVPE-grown cell. This led to a lower
Jsc for the HVPE-grown GaAs top cell. Insight into the Jsc difference between these two
GaAs top cells can be obtained by analyzing the EQE using an in-house multi-dimensional
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Transfer Matrix Method (TMM) and PV Lighthouse’s SunSolve ray tracing software[50]
to predict the Jsc (details in 2.6.3 of the supporting information). Both the EQE and the
reflectivity data were modeled using TMM to estimate the impact that the ARC depositions
may have had on the measured Jsc of both top cells. If we assume an optimal ARC (details
provided in 2.6.4 of the supporting information), the Jsc of the HVPE top cell could be
improved by 0.5 mA/cm2 and the Jsc of the MOVPE top cell could be improved by 0.4
mA/cm2. Since both top cells were affected by a poor ARC, however, the net impact of
these sub-optimal depositions only explains 0.1 mA/cm2 of the 0.8 mA/cm2 Jsc difference
noted in Table 2.1.
A larger portion of this Jsc difference, however, can be accounted for by the thicker GaInP
window layer in the HVPE top cell. The recipe for the MOVPE growth targeted a 20 nm
GaInP window layer but modeling the EQE and reflectivity data suggests that the actual
thickness of the MOVPE-grown window layer was closer to 17 nm. Modeling the EQE and
reflectivity of the HVPE-grown device, however, indicates that the HVPE device attained its
targeted GaInP window layer thickness of 25 nm. If an optimal frontside ARC combination
is assumed in modeling the EQE and reflectivity of the HVPE-grown GaAs top cell, a thinner
window layer could improve the Jsc by 0.7 mA/cm
2. Combining this Jsc difference with the
difference due to the sub-optimal ARC of the HVPE-grown cell accounts for the observed
0.8 mA/cm2 Jsc difference between the two GaAs top cells in Table 2.1.
The Voc of the MOVPE-grown top cell is 18 mV higher than the HVPE-grown cell, which
is outside of what can be accounted for by the NREL-certified uncertainty. The lower Voc of
the HVPE-grown cell could potentially be due to non-optimized growth of this cell structure,
processing mistakes, or a difference in material quality. It could also, however, be related to
the variable reproducibility of the RHJ solar cells, in general. Variations on the order of 20
mV were seen in the measured Voc of RHJ GaAs cells grown in the same MOVPE reactor
with the same cell structure.
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Table 2.1: J-V data for the GaAs//Si cells in Figure 2.2. Uncertainty percentages are
absolute.
Cell Jsc [mA/cm
2] Voc [mV] FF[%] Eff. [%]
HVPE GaAs top cell 26.8 + 0.3 1053 + 3 82.9 + 0.2 23.4 + 0.3
Si bottom cell 10.2 + 0.1 663 + 8 82.3 + 0.5 5.6 + 0.1
HVPE GaAs//Si tandem cell efficiency 29.0% + 0.3%
MOVPE GaAs top cell 27.6 + 0.2 1071 + 7 80.1 + 0.5 23.7 + 0.2
Si bottom cell 10.6 + 0.1 673 + 11 82.7 + 0.7 5.9 + 0.1
MOVPE GaAs//Si tandem cell efficiency 29.6% + 0.2%
The FF of the MOVPE-grown GaAs top cell was 2.8% (absolute) lower than the HVPE-
grown GaAs top cell, which is also beyond what can be attributed to measurement uncer-
tainty. A FF of 80.1% is low relative to typical FF values attained by NREL’s MOVPE-
grown GaAs devices.[12, 51] That said, the cell structure itself is unusual because NREL’s
MOVPE-grown GaAs solar cells typically include aluminum in the window layer and the lat-
eral conduction layer (LCL) to raise the bandgap (and thus the optical transmission) of these
layers. Therefore, the low FF of the MOVPE-grown cell could also be due to non-optimized
growth of this particular cell structure and/or processing errors during the fabrication of
the MOVPE-grown GaAs top cell. Again, however, this FF discrepancy could be due to
variable reproducibility, since differences on the order of 3% (absolute) have been observed
in the FF of RHJ GaAs cells grown in the same MOVPE reactor with the same cell struc-
ture. A larger number of solar cells with the same structure would need to be compared to
determine whether the observed differences in both FF and Voc are statistically significant.
With respect to the Si bottom cells, these results show that the performance is quite
similar, confirming that there are no major sources of parasitic absorption in these solar
cells. This outcome was not a foregone conclusion prior to this study; other approaches to
top cell cost reduction have led to significant transmission losses.[52] The performance of
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the Si sub-cells does, however, exhibit a slight difference in efficiency that falls outside of
what can be accounted for by measurement uncertainty. The largest difference in the J-V
parameters shown in Table 2.1 comes from a slightly higher Jsc of the Si bottom cell in
the MOVPE-grown GaAs//Si tandem cell (10.6 mA/cm2 + 0.1 mA/cm2) compared to the
Jsc of the Si bottom cell in the HVPE-grown GaAs//Si tandem cell (10.2 mA/cm
2 + 0.1
mA/cm2). This difference in Jsc could potentially be attributed to a marginal increase in
parasitic absorption in the HVPE-grown GaAs top cell. Alternatively, the difference in the
Si sub-cell Jsc could also be explained by a slight difference in the absorber thickness between
the two GaAs top cells. There is evidence for this latter explanation in the EQE curves in
Figure 2.2 that show slightly higher absorption for the HVPE top cell between 850 and 900
nm and slightly less absorption in the corresponding Si sub-cell between 700 and 900 nm.
Comparing the overall tandem cell efficiencies, the HVPE-grown GaAs//Si tandem cell
exhibited a certified efficiency of 29.0% whereas the MOVPE-grown GaAs//Si tandem cell
demonstrated a certified efficiency of 29.6%. 29.0% is the highest solar cell efficiency fabri-
cated without MOVPE or MBE reported in the literature. These results, however, are even
more promising if we consider near-term structural modifications that could lead to further
improvements upon these initial results.
2.4 Performance Impact of Al-Containing Layers
Although the initial HVPE-grown GaAs top cell did not include aluminum, NREL’s
HVPE reactor was recently modified to include an Al source. This consideration prompted
us to investigate how much improvement we can achieve with the inclusion of an AlInP
window layer and an AlGaAs LCL, which are typically included in MOVPE-grown RHJ
GaAs top cells. We used SunSolve[50] to optically simulate the performance impact on both
sub-cells of incorporating these Al-containing layers into the GaAs top cell.
The incorporation of an AlInP window layer (rather than GaInP) provided the most
substantial boost in Jsc that could be obtained among the device optimizations that were
considered in this study. Modeling the GaAs//Si tandem device in Figure 2.1 with an optimal
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ARC and a 17 nm AlInP window layer suggests that a 1.45 mA/cm2 improvement in Jsc
could be obtained overall, with an estimated 1.35 mA/cm2 of additional current density
coming from the GaAs top cell and an additional 0.1 mA/cm2 coming from the Si bottom
cell.
The inclusion of an AlGaAs LCL instead of a GaAs LCL, however, is predicted to offer
only marginal improvement to the performance of the overall tandem device, based on optical
modeling. When modeling the GaAs//Si tandem device in Figure 2.1 (assuming an optimal
ARC and a 17 nm window layer), the substitution of an AlGaAs LCL for GaAs provides no
increase in Jsc in the top cell, but does provide the bottom cell with an estimated boost in Jsc
of 0.2 mA/cm2, which is only slightly greater than the estimated uncertainty in Jsc for the
certified bottom cell data shown in Table 2.1 (+ 0.1 mA/cm2). The increased transparency
of the AlGaAs LCL at the bandgap of GaAs, though, may increase the photon recycling of
the top junction resulting in an increase in Voc by up to 20mV depending on the internal
radiative efficiency of the GaAs.[51] Since it is difficult to quantify the magnitude of this
potential Voc increase, we have excluded it from further analysis.
If both Al-containing layers are added to the RHJ GaAs top cell depicted in Figure 2.1,
then the structure of this modified top cell is the same design used in the record GaAs//Si
4T tandem cell.[12] To gain further insight into the impact that these Al-containing layers
could have on the overall efficiency of the top cell, we compared our modeled Jsc predictions
with the record tandem cell data.[12] Figure 2.3 shows the GaAs top cell schematic used in
the record GaAs//Si tandem cell that includes both the AlInP window layer and the AlGaAs
LCL.[12] Table 2.2 compares the JV characteristics of GaAs top cell in the record GaAs//Si
tandem cell to the MOVPE-grown Al-free GaAs top cell data reported in Table 2.1 and
then adds in the modeled Jsc boost predicted with the incorporation of Al. The predicted
performance impact on the bottom cell has been omitted since GaAs top cell in the record
GaAs//Si tandem cell was stacked with an a-Si:H/c-Si heterojunction solar (SHJ) bottom
cell from CSEM[8, 53] whereas the GaAs//Si tandem device reported in Table 2.1 used a
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POLO-IBC Si bottom cell from ISFH.[48, 49]
Figure 2.3: Schematic of GaAs top cell used in record GaAs//Si tandem cell.[12]
Table 2.2: Comparison between GaAs top cell used in the record GaAs//Si tandem cell[12]
and GaAs top cell without aluminum, including the modeled Jsc benefit of incorporating Al.
MOVPE-grown cells Jsc [mA/cm
2] Voc [mV] FF[%] Eff. [%]
GaAs top cell in record
GaAs//Si tandem cell
28.9 1092 85 26.8
MOVPE GaAs top cell
(from Table 2.1) + AlInP
window + AlGaAs LCL
27.6 + 1.35
= 28.95
1071 80 23.7 → 24.8%
Although the structure of these two cells were the same, the layer thicknesses differed
slightly. In particular, the GaAs absorber layer of the GaAs top cell used in the record
tandem cell was 2.0 µm whereas the GaAs absorber thickness grown for this study was 2.5
µm. SunSolve modeling predicts that the Jsc of the GaAs top cell used in Essig et al. could
be improved by 0.5 mA/cm2 by thickening the absorber from 2 µm to 2.5 µm. Considering
this difference in absorber thickness, the projected improvement in Jsc that we would expect
to get from the inclusion of Al (27.6 – 29.0 mA/cm2) appears reasonable in both the context
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of what was attained with the GaAs top cell in Essig et al. and what was simulated with
SunSolve (Jsc = 29.4 mA/cmcm
2).[12] The 21 mV difference in VOC is likely the result of
photon recycling and a higher internal radiative efficiency in the GaAs top cell used in the
record GaAs//Si tandem cell.[51]
Translating the modeled Jsc improvements to an HVPE-grown GaAs cell with an AlInP
window and AlGaAs LCL enables a predicted tandem efficiency >30% (using parameters
from Table 2.1). If we also assume Jsc improvements associated with an optimized ARC
(+0.5 mA/cmcm2) and a thinner window layer (+0.7 mA/cmcm2), then the calculated ef-
ficiency is 31.4%. Figure 2.4 shows a waterfall chart illustrating these estimated efficiency
improvements and Table 2.3 shows the J-V data for the HVPE-grown GaAs//Si tandem
cell (from Table 2.1) with the simulated Jsc improvements that lead to these calculated effi-
ciency gains. The cost of growing a GaAs cell that contains Al is comparable to the cost of
an Al-free GaAs cell.[37] The other improvements in Figure 2.4 involve optimizations to the
current cell fabrication process, so these estimated efficiency improvements are not expected
to significantly affect the overall cell costs.
Figure 2.4: Calculated efficiency gains based upon simulated Jsc improvements.
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Table 2.3: Estimated efficiency improvement in the HVPE-grown GaAs//Si device (Fig-
ure 2.1) with an optimized device that includes an AlInP window layer and an AlGaAs
LCL.
Cell Jsc [mA/cm
2] Voc [mV] FF[%] Eff. [%]
HVPE GaAs top cell +
AlInP window + AlGaAs
LCL
26.8+2.6 = 29.4 1053 82.9 23.4→ 25.7%
Si bottom cell 10.2 + 0.3 = 10.5 663 82.3 5.6 → 5.7%
HVPE GaAs//Si tandem cell efficiency: 29.0 → 31.4%
2.5 Conclusion
III-V//Si tandem solar cells offer efficiencies beyond the limits of single junction solar
cells but have so far been limited by high III-V deposition costs. In this study, we report
an HVPE-grown GaAs//Si tandem solar cell with an efficiency of 29%, which is the highest
solar cell efficiency fabricated without expensive deposition techniques such as MOVPE or
MBE. Optical modeling shows that adding Al-containing alloys could increase this efficiency
to 31.4%. This predicted efficiency is only 1.4% (absolute) lower than the overall record
efficiency of 32.8% for a GaAs//Si tandem cell[12] and further improvements in HVPE
material quality will boost performance beyond these simulated predictions. This study
confirms that HVPE could be a viable alternative to MOVPE for the development of high
efficiency III-V//Si tandem solar cells with reasonable cost.
Supporting Information
• S1: Layer thickness and carrier concentrations for MOVPE-grown and HVPE-grown
GaAs top cells
• S2: Description of characterization for NREL cell certification
• S3: Methods used for optical simulations of GaAs top cells
• S4: Details of PV Lighthouse modeling to understand the losses in JSC
34
• S5: Sub-cell sample identifications
2.6 Supporting Information
2.6.1 S1: Layer thickness and carrier concentrations for MOVPE-grown and
HVPE-grown GaAs top cells
The following Table 2.4 includes layer thickness and carrier concentration data for the
MOVPE-grown GaAs top cell and HVPE-grown GaAs top cell analyzed in this study.
The thickness of each layer is estimated based upon the run sheets for each growth.
Electrochemical capacitance-voltage (ECV) was used to measure carrier concentrations in the
p-type GaInP heterojunction layer and the lateral conduction layer (LCL) whereas solid-state
capacitance-voltage (CV) measurements were conducted to obtain the carrier concentration
in the lower doped n-type GaAs absorber. The carrier concentration of the window layer
could not be measured directly by ECV because the layer was too thin. Based on previous
calibrations, the targeted doping in the window layer was estimated to be approximately 2
– 3 x 1018.
Table 2.4: Thickness and carrier concentration for each layer in the HVPE-grown and














0.025 N/A 0.02 N/A
GaAs:Se n-type
absorber
2.5 5.4 x 1016 2.5 1.1 x 1017
GaInP:Zn p-type
heterojunction layer




0.2 6.8 x 1019 0.2 2.5 x 1020
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2.6.2 S2: Layer thickness and carrier concentrations for MOVPE-grown and
HVPE-grown GaAs top cells
Both the MOVPE- and HVPE-grown GaAs//Si tandem devices were characterized by
NREL’s certified device performance laboratory. All cells were fabricated in a 4T configura-
tion, so the sub-cells are electrically independent, resulting in separate top and bottom cell
EQE and JV curves for each GaAs//Si tandem solar cell. The EQE of the bottom cell was
measured while the GaAs top cell was at Jsc. The J-V characteristics were measured under
AM1.5G illumination and a shadow mask was used to prevent carrier generation outside of
the active cell area of the Si bottom cell. The Si bottom cell J-V curves were measured with
the GaAs top cell voltage-biased at Pmax, to produce realistic operating conditions.
2.6.3 S3: Methods used for optical simulations of GaAs top cells
We simulated the impact of optimizing the current cell structure and then modifying
the existing cell stack to include Al. We used both an in-house multi-dimensional Transfer
Matrix Method (TMM) and PV Lighthouse’s SunSolve ray tracing software to predict the Jsc.
The measured EQE and reflectivity were modeled using TMM to determine the thickness
of the III-V layers grown in the device and the thickness of ARC films deposited during
processing. These estimated thicknesses were then input into SunSolve, a Monte Carlo ray
tracing calculator that uses the refractive index data for each layer in the cell structure to
calculate the photogenerated current in each sub-cell.[50]
The MOVPE-grown GaAs//Si tandem device was used to experimentally verify the base-
line optical simulations run in SunSolve. The model was considered to be a good fit if
the simulated Jsc either agreed with, or slightly exceeded, the measured Jsc from the JV
data. Once it was established that the SunSolve simulations modeling the MOVPE-grown
GaAs//Si tandem cell successfully approximated the experimentally measured Jsc from the
NREL-certified JV data, SunSolve was used to model the predicted performance benefit of
incorporating an AlInP window layer (rather than GaInP) and an AlGaAs lateral conduction
layer (LCL) (rather than GaAs). The refractive index data used for the optical simulations in
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both simulations were previously measured via ellipsometry from MOVPE-grown materials.
2.6.4 S4: Details of PV Lighthouse modeling to understand the losses in JSC
Both GaAs top cells used in this study were affected by poor front-side ARC depositions.
These depositions were composed of a thin MgF2 seed layer (to enable the ZnS to adhere to
the front surface), followed by ZnS and another layer of MgF2. In both cases, the ZnS layer
deposited thicker than desired and the top MgF2 layer deposited too thin. For the HVPE
GaAs top cell, the initial MgF2 deposition was augmented with a second MgF2 deposition.
As mentioned in the previous section (2.6.3) describing the methods used for modeling
the Jsc of these cells, TMM was initially used to determine the thickness of these deposited
layers. These actual thicknesses were then input into SunSolve to verify that the modeled Jsc
correctly approximated the measured Jsc. Then a series of simulations were run in SunSolve
that varied the thickness of the three ARC layers to determine the optimal combination
that would maximize both the top and bottom cell Jsc. These simulated ARC thicknesses
from SunSolve were then modeled using TMM to verify that the Jsc was maximized. The
results of this modeling indicate that the optimal frontside ARC deposition for a 2.5 µm-
thick n-GaAs absorber is 52 nm ZnS (with a 2nm MgF2 sticking layer) followed by 106 nm
of MgF2. The estimated Jsc improvement for an optimal ARC deposition was based upon
the outputs from both SunSolve and TMM. For the HVPE GaAs top cell, both SunSolve
and TMM simulations indicated a Jsc improvement of 0.5 mA/cm2. For the MOVPE GaAs
top cell, SunSolve simulated a Jsc improvement of 0.34 mA/cm
2 and TMM simulated an
improvement of 0.4 mA/cm2. An estimated Jsc improvement of 0.4 mA/cm
2 was reported
in the manuscript.
Table 2.5 shows the thickness of the ARC layers that were input into SunSolve and the
simulated Jsc outputs for each GaAs top cell. For the actual ARC simulations, the measured
Jsc is also included, for comparison to the simulated Jsc. The III-V layer thicknesses provided
in Table S1 were used as the SunSolve input parameters to model each GaAs cell.
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5 62 114 26.83 26.8
Optimal ARC for
HVPE GaAs cell
2 52 106 27.3 N/A
Actual ARC for
MOVPE GaAs cell
2 60 86 27.66 27.6
Optimal ARC for
MOVPE GaAs cell
2 52 106 28.0 N/A
2.6.5 S5: Subcell sample identification
The MOVPE-grown GaAs top cell was fabricated from MQ914n2 and the HVPE-grown
GaAs top cell was fabricated from HC661B. The POLO-IBC Si bottom cell stacked with the
MOVPE-grown GaAs top cell was E1 005 01 6C and the POLO-IBC Si bottom cell stacked
with the HVPE-grown GaAs top cell was E1 005 02 6C.
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CHAPTER 3
RELIABILITY OF III-V//SI TANDEMS IN SPACE
The purpose of this chapter is to describe the assembly and characterization of two 4T
GaInP//Si tandem cells (one control and one for flight) that were fabricated for the Na-
tional Aeronautics and Space Association’s (NASA’s) Materials International Space Station
Experiment – X (MISSE – X). The flight cell was encapsulated and packaged for integration
into MISSE-13, which was one of the scientific experiments on-board the SpaceX CRS-20
Launch to the International Space Station (ISS). The SpaceX CRS-20 launch took place on
March 7th, 2020 and the Dragon (SpaceX’s reusable cargo spacecraft) arrived at the ISS on
March 9th, 2020. The MISSE-13 experiment includes a variety of research and development
(R&D)-level solar cells which will remain on-sun outside of the ISS for 6 months. After this
time, the cells will return to Earth, where the research groups that fabricated them will study
the ways in which the cells degraded under the extremely harsh environmental conditions in
space.
The following information is provided as the pre-flight project summary for a future
publication focused on the post-flight degradation analysis of this 4T GaInP//Si tandem
cell that is currently on-sun at the ISS. Full details about cell growth and fabrication for
both the flight and the control tandem cells are provided in Appendix B.
3.1 Motivation for testing on the International Space Station (ISS)
The previous chapter discussed mid- to long-term cost reductions for terrestrial appli-
cations. For a new technology to gain market entry, however, high-value niche applications
can provide a means for initial scale-up of production, in order to drive down costs from
the laboratory-prototype scale. The space PV market offers an appealing initial target
market, particularly given increased interest in low earth orbit (LEO) satellites that can
provide higher power and reduced signal latency for broadband applications, compared to
39
geo-stationary orbit (GEO) satellites. This developing market has created greater demand
for solar cells that can provide high efficiency at a low cost, with a high specific power (i.e.
Watts generated per solar array mass or W/kg). III-V//Si tandem cells could potentially
meet these requirements, if the cells can maintain high efficiency with sustained exposure to
the extremely harsh environmental conditions in space.
The ISS rotates the Earth at 220 km above the surface in LEO. As an orbital research
facility, it is an ideal platform for long-term space environmental exposure testing. NASA’s
MISSE program began in 2001 to test the durability of various material samples under the
extreme conditions in space. The packaged MISSE specimens are secured to the exterior of
the ISS for varying durations (up to four years) for exposure to extreme temperature varia-
tions, solar and charged-particle irradiation, atomic oxygen, hard vacuum and strikes from
micrometeoroids and orbital debris. The post-exposure analysis of these samples provides
valuable insight into materials development for future space exploration. MISSE data is also
used to advance ground-based accelerated testing to better replicate in-space degradation,
further develop models to correlate space-based data with ground-based data, and to extrap-
olate the results obtained in LEO to other space environments. MISSE-X offers additional
improvements to the original MISSE concept in that more experiments can be robotically
deployed in portable modular containers and easily removed/replaced at varying durations,
depending on the experiment. It provides more advanced sensing and monitoring of the
external ISS environment, it can accommodate both active and passive experiments and it
can enable the return of these experiments to Earth, upon project completion.[54]
A variety of R&D-level solar cells from different research groups were assembled for
the MISSE-13 experiment, including cells composed of perovskites, 2T monolithic III-V//Si
tandem, thin film Si and c-Si HIT cells, in addition to our 4T GaInP//Si tandem cell. The
focus of the degradation study differs for the different cell types, but the main challenges
for III-V//Si tandem cells are expected to be thermal cycling and fatigue. Given that the
ISS orbits the Earth at a speed of 27, 580 km/hour, it completes a full orbit of the Earth
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approximately every 90 minutes. This results in 16 orbits of Earth every 24 hours and, over
the course of 6 months, approximately 3000 thermal cycles from -100◦C (while in eclipse) to
+100◦C (while on-sun). Atomic oxygen is also of concern, particularly in LEO, and can lead
to extensive corrosion of exposed materials.[54, 55]
The purpose of this study is to better understand how 4T tandems cells degrade in space
and whether the independent operation of the 4T subcells could provide an advantage over
the standard 2T tandem cell (i.e. series-connected subcells) operation currently used for
all satellite applications. On the one hand, 2T tandem cells bypass one of their terrestrial
disadvantages in space because there are no spectral variations in the AM0 environment.
On the other hand, degradation can effect one subcell more than the other and, for 2T
series-connected subcells, degradation in the current output of one subcell will result in a
lower current output for the 2T tandem cell overall. Therefore, the key question to investi-
gate is how the 4T tandem subcells respond to different degradation modes and differential
degradation rates. The post-flight analysis of the cells will provide an opportunity to study
how the current design could be adapted for improved performance and, ultimately, whether
space may be a reasonable target market for III-V//Si cells.
3.2 Cell design modifications for space
In consultation with scientists in NREL’s III-V team (specifically Drs. John Geisz and
Ryan France), GaInP was selected as the preferred top cell material since it is more radiation
resistant than GaAs.[56–58] It was also decided that the cell should be grown in a front-
junction (FJ) design, rather than rear-heterojunction (RHJ), although it is well documented
that the RHJ structure can lead to a higher Voc and overall higher device efficiencies.[24, 59,
60] Even though the RHJ design may offer a better beginning of life (BOL) performance,
the cell also needs to be designed for high performance at the end of life (EOL) to maximize
energy yield while operating in space. Research has shown that the FJ design is more resilient
to the space environment than the RHJ structure.[59] Damage from electron irradiation leads
to a decrease in the minority carrier diffusion length of the degraded layer. In the n/p FJ
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cell, the thickest layer is the p-type GaInP base whereas the thickest layer in the n/p RHJ
cell is the n-type GaInP emitter (See Figure 3.1). The diffusion length of minority carrier
holes is usually shorter than that of minority carrier electrons, which gives the FJ device the
advantage over the RHJ cell, in terms of radiation resistance.[59, 61]
Figure 3.1: Schematic of a) front junction and b) rear heterojunction (RHJ) cell designs. In
the n/p FJ cell, the thickest layer is the p-type GaInP base whereas the thickest layer in the
n/p RHJ cell is the n-type GaInP emitter. The arrow points to the shaded depletion regions
in each cell.[24]
The first GaInP growth recipe was based upon a radiation-resistant top cell for use in a
3J device, which featured a thin absorbing region (≈0.6 um) with a wide band gap (≈1.9
eV). Modifications were made to the original growth recipe, however, to eliminate strain
during growth, which results in cross-hatching (i.e. visible lines on the sample surface).
This was largely due to poorly defined calibration values for the OMVPE reactor at the
high temperature used for growth (750◦C), which led to lattice mismatch between the III-
V layers and correspondingly poor J-V performance in the processed cells. This original
recipe was modified for use as the top cell in a 4T 2J Si-based tandem by growing a slightly
thicker absorber (≈0.9 um) at a lower temperature with well-defined reactor calibration
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values (720◦C). This led to a slightly lower GaInP bandgap (1.8 eV), the apparent elimination
of the formerly observed cross-hatching and improved J-V characteristics.
Once the growth recipe was defined, top cell fabrication followed the process outlined in
Essig et. al, with exceptions detailed below and in Appendix B.[12] The 4T Si bottom cells
were provided by ISFH. The cells were fabricated from 250 um-thick n-type Cz-Si wafers
into IBC cells with doped polycrystalline silicon on oxide (POLO) passivating contacts,
following the procedures outlined in Rienäcker et al. and detailed previously in Chapter 1
of this thesis.[48, 49] In order to fit the completed tandem cell into NASA’s sample holder,
however, the area of both the glass slide and the Si bottom cell had to be reduced down to
2 cm x 2 cm. The original dimensions of the ISFH bottom cell were approximately 2.6 cm
x 1.7 cm but this included an inactive region that permitted the cell to be cleaved down to
approximately 2 cm x 1.7 cm without damaging the active area of the cell.
The most significant processing modification to these procedures, however, was the use
of a space-grade encapsulant, Dow Corning 93-500 (DC93-500), as the adhesive layer rather
than Loctite Eccobond 931-1, the epoxy previously used to fabricate the record 4T tandem
cells. A key difference between these two materials is the hardness. DC93-500 is a two-
part silicone elastomer and the product information sheet recommends blending 10 parts
by weight of the base to one part of the curing agent, which results in a hardness of Shore
A40. For comparison, the Loctite Eccobond 931-1 typically used as the 4T adhesion layer
has a hardness measure of Shore D88. To put this in context, a hardness of Shore A40 is
comparable to a pencil eraser whereas Shore D88 is harder than a hard hat.[62] The adhesion
layer is used to bond both the III-V top cell to glass and the subcells to one another (see
Figure 3.2).
The replacement of the Loctite epoxy with DC93-500 encapsulant was a non-negotiable
substitution, in order to meet NASA’s stringent low outgassing standards. DC93-500 also
has a wide operating temperature range from -115 to 200◦C which, as noted previously, will









Figure 3.2: Simplified cross-sectional schematic of the 4T GaInP//Si tandem cell sent to
NASA, provided to illustrate the position of the DC93-500 adhesive layers in the device.
Once packaged (at NASA), the cell was also fully encapsulated in DC93-500. Thicknesses
are not to scale and the adhesive geometry is exaggerated for illustrative purposes.
mal cycling on the ISS. In order to withstand such severe temperature fluctuations without
cracking the component materials (each with a different coefficient of thermal expansion),
the adhesive layer must be soft and compliant. On the other hand, to withstand top cell
fabrication and subsequent characterization, the adhesion layer must also be robust to ag-
gressive wet chemistry and hard enough to withstand the probes necessary for QE and J-V
characterization, without piercing through the thin Au contact layer (more details below).
The material property discrepancies between these two adhesive materials led to considerable
processing challenges.
3.3 Cell processing details
Prior to this collaboration with NASA, I conducted product research into alternative
adhesives that could be used for fabricating outdoor mechanically-stacked tandem cells.
Originally, the goal was to find an adhesive that could be used for both the 3T and 4T
tandem cells. Concerns were expressed within the Hybrid Tandems team about using the
Loctite Eccobond 931-1 epoxy that is typically used in the 4T tandem cells for the 3T
superstrate cell design (described in detail in the next chapter). The color of the Loctite
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Eccobond 931-1 epoxy is described as ”clear amber” in the Technical Data Sheets and, with
long-term outdoor exposure, this could lead to sub-optimal light transmission in the 3T
superstrate cells since the adhesive is at the front of the light’s optical path through the
tandem cell.
As mentioned above, the criteria for the adhesives used in both the 3T and 4T tandem
cells is exceptionally restrictive. The adhesive needs to be hard enough to probe the bus-
bar to characterize the top cell and it needs to be able to withstand temperatures up to
150◦C. Moreover, it needs to be able to survive top cell processing, after the III-V material
is adhered to the glass. This includes exposure to HCl, H3PO4, H2O2, NH4OH, various pho-
toresists/ developers and prolonged exposure to acetone for photoresist removal, post-ARC
(see Appendix B for a full description of the top cell fabrication process). In addition to
this adhesive criteria, the 3T superstrate structure requires an adhesive material that en-
ables clear and UV-stabilized transmission of light through the front glass to the cell during
outdoor exposure. Table 3.1 below summarizes the results of this product research into al-
ternative adhesive materials. This information was pulled together from the Technical Data
Sheets, Safety Data Sheets and conversations with reliability science experts, Drs. Mike
Kempe and Tim Silverman at NREL. This table is provided for future reference, particu-
larly in the context of the discussion below pertaining to the challenges confronted in using
DC93-500.
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Table 3.1: Adhesive layers investigated for outdoor exposure. The two main factors that
need to be considered for compatibility with cell processing and characterization are hardness
and whether the material is sufficiently robust to withstand top cell processing chemistry.











































































































































TBD Yes TBD Yes
The main problem with the use of DC93-500 as the adhesive layer was delamination of the
Au and the III-V material from the glass, when exposed to the wet chemistry used during
cell processing. The image shown in Figure 3.3 was taken after the GaAs substrate was
removed, using 1 NH4OH: 3 H2O2 as the substrate etchant. For this sample, the DC93-500
was mixed with a 10:1 base-to-curing agent ratio and de-gassed for 10 minutes in a de-gas
chamber to remove any trapped air (i.e. bubbles). The surface of the III-V sample was then
coated with the adhesive, stacked with the glass slide and cured for 15 minutes at 150◦C, as
recommended in the product information sheet.
Extensive experimentation was conducted to optimize adhesion between the Au and the
DC93-500 and protect the cell from the aggressive chemistry used for top cell fabrication,
while working under a tight timeline to deliver the cells. The following does not provide a
full overview of these experiments but instead summarizes the solutions that were devised
to address these issues, for the two cells that were sent to NASA:
• Prior to adhering the III-V sample to glass, the cell was pre-baked on a hot plate at
125 C for 1 hour to remove any residual moisture in the Au.
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Figure 3.3: Optical image showing Au and III-V top cell material delaminating from the
glass slide, after removal of the III-V substrate using 1 NH4OH: 3 H2O2 as the etchant. The
image was taken with a Keyence VHX-6000 microscope at 20x magnification.
• Dowsil 1200 was used as an adhesion primer, with confirmation from NASA that it
meets their low outgassing standards. Dowsil 1200 was spin coated at 4000 rpm for 30
seconds on both the III-V sample and the glass slide and then allowed to cure at room
temperature for 2 hours.
• DC93-500 was mixed at a ratio of 10 parts base: 1.2 parts curing agent, to harden it
beyond that achieved with the 10:1 ratio. The mixture was de-gassed for 20 minutes
until all bubbles were removed.
• DC93-500 was spin coated onto the III-V sample, the III-V sample was de-gassed for
10 minutes and then stacked with the glass. Bubbles were observed between the glass
and the III-V material in both samples. At this point, however, the two samples sent
to NASA were processed differently:
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– For the control sample, the glass slide and the III-V sample were separated, and
both were rinsed with acetone and IPA, with the assumption that this rinse re-
moved the Dowsil primer. The DC93-500 was then drop-coated onto the III-V
material and stacked with the glass.
– For the flight sample, the III-V cell was not separated from the glass. The bubbles
were deemed acceptable to avoid cell damage and/or removing the Dowsil primer.
• Both samples were cured for 2 hours on a hot plate at 125◦C and then the hot plate
was turned off and allowed to cool down overnight, for additional curing.
• For substrate removal (the following day), Crystalbond adhesive[63] was melted onto a
glass slide with dimensions that exceeded those of the glass-mounted III-V sample. The
III-V sample was then embedded into the melted Crystalbond so that the periphery of
the 2 cm x 2 cm sample was completely immersed in this temporary adhesive, to avoid
the substrate etchant attacking the edges of the III-V material. Once the substrate was
etched away (again using the 1 NH4OH: 3 H2O2 substrate etchant), the Crystalbond
was rinsed off with acetone.
• After this step, processing followed Essig et al.,[12] with the exception that the Au
periphery was painted out with photoresist to protect from delamination.
Despite these precautions, both III-V samples still showed evidence of the Au peeling
away from the glass around the periphery. Characterization of the four top cells (two on
each sample), however, showed that the performance was still sufficiently high to merit
stacking with the Si IBC subcells (see cell results below).
The cells were mechanically stacked with the 4T IBC bottom cells by using a FLIR In-
GaAs camera to align the gridlines of the top cell with the IBC gridlines of the Si bottom cell.
The DC93-500 was then drop coated on the Si bottom cell and cured at room temperature
overnight. A full summary of the processing details for both cells is provided in Appendix
B.
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Upon further consideration of the challenges confronted in processing these cells, there
may be additional steps that could be attempted, if DC93-500 is used for the fabrication
of future samples. The DC93-500 could be spin-coated on the glass, rather than on the
III-V sample, and then the coated glass slide could be de-gassed for 10 minutes. The III-V
sample could then be adhered to the glass and checked for bubbles, before curing. If bubbles
are present, the III-V-on-glass sample could be de-gassed again and checked for bubbles,
prior to curing. These same extra de-gassing steps could be attempted if the DC93-500
were spin-coated directly onto the III-V material (i.e. de-gas coated III-V sample, adhere to
glass, de-gas III-V-on-glass sample, check for bubbles before curing). Regardless, however,
the Dowsil 1200 primer should be used to improve adhesion - and the primer should be
re-applied and cured again, if the aforementioned steps necessitate rinsing the sample with
acetone and IPA.
It is worth noting, however, that the difficulties faced here with the DC93-500 led to
a new appreciation of the old epoxy. NREL’s Hybrid Tandems team currently has a 4T
GaAs//Si tandem cell on-sun at the Outdoor Test Facility that was fabricated by Riley
Whitehead using the old epoxy (i.e. Loctite Eccobond 931-1) for the adhesive layers shown
in Figure 3.2 and laminated with ethylene-vinyl acetate (EVA), for encapsulation.
3.4 Pre-flight cell results
The goal for characterizing the cells, prior to sending them to NASA, was to establish a
pre-flight performance baseline for use as a comparison to the post-flight data, to enable an
analysis of the degradation that will occur while on-sun at the ISS. I measured the current-
density vs. voltage (J-V) and the external quantum efficiency (EQE) characteristics and
the photoluminescence (PL) and illuminated lock-in thermography (ILIT) were measured,
in collaboration with Dr. Steve Johnston at NREL. PL and ILIT were specifically chosen
because they are contactless and both can be used to detect shunts, defects and other features
of interest that may be relevant to cell performance.[64–66]
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The EQE was measured on a custom-built QE system and the J-V performance was
measured using a class A solar simulator, calibrated to simulate the AM1.5 G spectrum at
1000 W/m2. A custom jig was used for both EQE and JV characterization and a shadow
mask prevented carrier generation outside of the active cell area. The Si bottom cell J-V
curves were measured with the GaInP top cell voltage-biased to Pmax, to simulate realistic
operating conditions. The EQE and J-V characteristics of both the flight cell and the control
cell are plotted in Figure 3.4a and Figure 3.4b, respectively, with J-V parameters provided
in Table 3.2.
Figure 3.4: a) EQE and b) J-V results for two 4T GaInP//Si cells sent to NASA: One control
cell (in purple) and one cell for testing on the ISS (in green) as part of NASA’s MISSE-13
study. The top cell was voltage-biased to Pmax during J-V characterization of the Si bottom
cell.
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Table 3.2: J-V characteristics for two GaInP//Si cells shown in Figure 3.4
Tandem Cell Voc [V] Jsc [mA/cm
2] FF [%] Eff [%]
Flight cell: GaInP Top (MS213) 1.350 14.929 83.7 16.869
Si IBC Bottom (ISFH 3 7B) 0.671 21.242 78.0 11.126
Control cell: GaInP Top (MS211) 1.353 14.166 78.3 15.009
Si IBC Bottom (ISFH 3 7C) 0.673 22.048 66.8 9.898
ILIT and PL were performed in a custom-built system previously described in Johnston,
et al.,[64] using a 532 nm laser diode as the optical excitation source for the images shown
below (Figure 3.5 and Figure 3.6), although additional PL imaging was also conducted with
an 808 nm laser diode. The individual subcells were characterized with PL and ILIT prior to
stacking and the tandem devices were also imaged, post-stacking. Both PL and ILIT were
measured at open circuit.
The PL images were collected using a Princeton Instruments\Acton PIXIS 1024BR cam-
era with three OG570 Schott glass longpass filters (with a cutoff at 570 nm) attached to the
camera lens. The laser was swept 12 times across the sample, at a sweep rate of 5 seconds in
one direction, for a total time of 60 seconds with the camera shutter open. The ILIT images
were collected using a FLIR/ Cedip Silver SC5600 InSb infrared camera with built-in lock-in
detection. The light was cycled on and off at a rate of 2.6 Hz and the camera averaged the
images over 60 seconds.[64]
The dark points in the PL images represent areas where the PL signal is reduced (or
eliminated) due to defects or shunts. In the ILIT images, collected while the cell is at Voc,
the photogenerated carriers induce a voltage, enabling current to flow through defect and/or
shunted regions. This current flow produces heat that is imaged by the infrared camera. In
comparing the PL to the ILIT images, if a point appears dark in PL and bright in ILIT, this
is likely a conductive path. [64]
In the images that were taken for the flight cell (Figure 3.5), there are dark regions in the
PL that correlate with bright regions in the ILIT (particularly lower left and upper right, near




Figure 3.5: a) Photoluminescence (PL) and b) illuminated lock-in thermography (ILIT)
results for the 4T GaInP//Si cell currently on the ISS. If a region appears dark in the PL
and bright in ILIT, it is likely a conductive path. Other bright spots in the ILIT image that
do not correlate with dark regions in PL may be due to bubbles between the III-V material
and the glass.
device processing that caused local shunts. Other features evident in the ILIT, however,
correspond with regions that are slightly brighter in PL. This may be due to the bubbles
trapped between the III-V material and the glass, as mentioned in the previous section. If
the trapped air slightly insulates the III-V material from the glass slide below, the current
generated in the device during ILIT may heat that region more than the surrounding material
because the glass is not acting as a heat sink in these localized areas.
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Figure 3.6: a) Photoluminescence (PL) and b) illuminated lock-in thermography (ILIT)
results for the 4T GaInP//Si control cell that was also sent to NASA, with the flight cell
in Figure 3.5. The PL image shows regions where the III-V material is starting to lift up
from the glass (along the left-hand side and at the upper right edge) due to compromised
adhesion.
In the images collected for the control sample, on the other hand, there is no evidence of
bright regions in ILIT that correspond to slightly brighter regions in PL, as evident in the
flight cell (Figure 3.5). This is consistent with the theory that the bright regions in ILIT
(that do not correlate with dark regions in the PL) for the flight cell are due to bubbles,
since the control sample was processed differently. As mentioned previously, in processing
the control cell, the III-V sample was separated from the glass to remove the bubbles and
both the III-V sample and the glass were rinsed with acetone and IPA, which removed both
the DC93-500 and the Dowsil 1200 adhesion primer. Then DC93-500 was drop-coated on
the surface of the III-V sample to adhere it to glass. Both the PL and ILIT images for the
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control cell, however, show that the III-V material is starting to lift up from the glass, along
both the left-hand side and at the upper right edge of the control cell. This suggests that
the adhesion between the III-V material and glass was better for the flight cell.
The GaInP//Si tandem cell with the highest efficiency was selected for flight, although
the other sample was also sent to NASA, as a back-up in case there were problems with
contacting the subcells.
3.5 Tandem cell submission to NASA
Both 4T GaInP//Si cells reported on in the previous section were sent to NASA in
September 2019. At NASA, the cells were contacted and encapsulated. The flight cell was
then packaged and sent to the payload provider, AlphaSpace, for inspection and incorpo-
ration into AlphaSpace’s MISSE sample carrier (MSC). The photo in Figure 3.7 is the last
image taken of the GaInP//Si tandem cell, prior to launch.
Figure 3.7: Photo taken of contacted and encapsulated 4T GaInP//Si tandem cell housed
in NASA sample holder, prior to launch. A red frame was added to the photo to illustrate
the single top cell that was stacked with the Si bottom cell. The second cell is not an active
part of the 4T tandem device.
The MSC (and the cells contained inside) were then subjected to three qualification tests:
thermal bakeout (maintaining a pressure of 1 x 10−5 at 60◦C for 24 hours), vibrational testing
to simulate launch loads, and thermal cycling (three cycles of -40 – 60◦C with 8 minute cycle
times). The MSC was then shipped to Florida for integration into a SpaceX Dragon Space
Capsule. SpaceX-20 was launched on March 7th, 2020.
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The samples were opened for on-sun exposure at the ISS on March 20th (see Figure 3.8).
The MSC is secured to the exterior of the ISS and positioned at zenith, which is approxi-
mately oriented on-sun. After 6 months on-sun, the MSC will be returned to NASA and the
cells will be re-distributed to their respective research groups, for degradation analysis.
Figure 3.8: The International Space Station (ISS) (photo taken in March 2008) with a close-
up photo of MISSE 6A and 6B on the Columbus Laboratory of the ISS.[55] Reproduced with




DESIGN FLEXIBILITY OF 3-TERMINAL TANDEMS: A PERFORMANCE
COMPARISON BETWEEN GAINP//SI AND GAAS//SI
This chapter represents a paper that was submitted to ACS Energy Letters and is
currently under review.
Kaitlyn T. VanSant,13 Emily L. Warren,14 John F. Geisz,15,Talysa R. Klein,16 Steve
Johnston,17 William E. McMahon,18 Henning Schulte-Huxel,19 Michael Rienäcker,20 Robby
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This paper also introduces a new superstrate 3T tandem cell design that has been under
development in NREL’s Hybrid Tandems team for the last two years. This superstrate
cell design provides mechanical support to both subcells and enables the use of textured Si
interdigitated back contact (IBC) bottom cells, which should lead to improved absorption in
the Si bottom cell in optimized versions of these solar cells. These results can provide insight
into how other narrow-bandgap superstrate top cell materials (e.g. CdTe/Si, perovskite/Si)
might perform in the 3T configuration.
Full details about growth and fabrication of the 3T superstrate GaInP and GaAs top
cells are provided in Appendix C. Co-author approval for reproduction of this submitted
paper in this thesis are provided in the supplemental files (as detailed in Appendix D).
4.1 Abstract
The pursuit of ever-higher solar cell efficiencies has focused heavily on multijunction
technologies. In mechanically-stacked tandems, subcells are typically either contacted via
two terminals (2T) or four terminals (4T). Simulations show that the less-common three
terminal (3T) design may be comparable to 4T tandem cells in its compatibility with a range
of materials, operating conditions and methods for subcell integration, yet the 3T design
circumvents shading losses of the 4T intermediate conductive layers. This study analyzes
the performance of two superstrate 3T III-V-on-Si (III-V//Si) tandem cells fabricated with
textured Si bottom cells: One is top-cell-limited with minimal current mismatch (GaInP//Si)
and the other is bottom-cell-limited with significant current mismatch (GaAs//Si). Our
initial results show that both tandem cells exhibit the same efficiency (21.3%), thereby
demonstrating that the third terminal allows for flexibility in the selection of the top cell
material, similar to the 4T design.
4.2 Introduction
Multijunction (MJ) solar cells are currently the only approach to photovoltaic (PV)
efficiency improvement that provide a pathway towards modules that could exceed 30%.
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Moreover, mechanically-stacked III-V-on-Si (denoted as III-V//Si) tandem cells have already
achieved higher efficiencies than the theoretical efficiency limit for single junction Si solar
cells.[8, 12]
There are many structural and material choices that must be made when designing an
efficient MJ solar cell. Silicon PV dominates the solar industry [6] and has a near-optimal
bandgap for a bottom cell in a tandem structure. [11] For the top cell material, we compare
GaInP and GaAs for this study because they both exhibit higher spectral efficiency, or
efficiency resolved by wavelength, than Si at short wavelengths. [10] Both III-V and Si solar
cells are mature technologies that can provide a better understanding of 3T cell operating
conditions that could be relevant to other tandem technologies.
The subcells of a tandem solar cell are typically either connected in series via two ter-
minals (2T) or operated independently, via four terminals (4T). 2T configurations offer the
simplest operation but require current matching between the top and bottom cells which nar-
rowly restricts the material choice for the top cell. [12, 20] 2T designs are also sensitive to
spectral variations and require an interconnection with excellent vertical conductivity, such
as a tunnel junction (TJ) .[20, 67] 4T configurations do not require current matching or a TJ
between the subcells but require additional grid lines and/or transparent laterally conduc-
tive layers at the back of the top cell, which reduce transmission of light to the bottom cell
and can contribute to resistive losses. 4T designs are also currently incompatible with direct
growth of III-V materials on Si.[68–70] An attractive alternative is the three terminal (3T)
configuration.[26, 71–80] If paired with a Si interdigitated back contact (IBC) bottom cell,
the 3T design does not require intermediate contacts and could be compatible with growth
onto the Silicon bottom cell. Both the 3T and 4T designs are robust to spectral variations.
Device simulations show that efficiencies exceeding 30% could be achieved for III-V//Si
tandem cells in the 3T configuration, comparable to 4T tandem performance.[12, 20, 31, 49]
Simulations indicate that the inclusion of a third terminal can allow the extraction of
surplus current from mismatched subcells.[20, 31, 75, 81] To investigate this experimentally,
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we compare the performance of two III-V//Si tandem cells: One is top-cell-limited with
minimal current mismatch (GaInP//Si) and the other is bottom-cell-limited with significant
current mismatch (GaAs//Si). We also describe the fabrication of a new 3T superstrate cell
design that provides mechanical support to both subcells and incorporates textured Si IBC
bottom cells. These results can provide insight into how other narrow-bandgap superstrate
top cell materials (e.g. CdTe/Si, perovskite/Si) might perform in the 3T configuration.
4.3 3T Tandem (3TT) Cell Fabrication
A taxonomy for 3TT cells was recently developed to succinctly define the performance
of these devices. The cells reported herein are both n/p III-V top cells on IBC Si bottom
cells with a n-type bulk absorber and a single (i.e. “uni”) minority carrier contact (nuIBC),
forming a 3TT with subcells that have opposite doping at their shared interface (i.e. series
(s) interconnection), which is described in 3T terminology as III-V/s/nuIBC.[31]
The subcells are fabricated independently and then laminated together using a transpar-
ent conductive adhesive (TCA) containing conductive microsphere to make contact between
the subcells.[82] Figure 4.1 illustrates the cell structures for the a) GaInP/s/nuIBC and b)
GaAs/s/nuIBC cells reported on in this study. The top and the bottom cells have an active
cell area of 1.00 cm2.
Figure 4.1 shows schematics of the TCA-bonded 3TT superstrate architecture, using
textured Si IBC bottom cells. Both III-V top cells were grown at NREL by metalorganic
vapor phase epitaxy (MOVPE) in an upright, front-junction (i.e. traditional) cell design on
a sacrificial GaAs substrate.[24, 83] The GaInP top cell had a 0.1 µm thick n-type emitter
and a 0.9µm p-type base. The GaAs top cell had a 0.1 µm thick n-type emitter and a
2.8µm p-type base.[24] A gold front grid was deposited on top of the III-V cell, the n-GaAs
contact layer was removed from everywhere except the regions below the Au gridlines and an
anti-reflective coating (ARC) was added. The top cell is then adhered to a glass slide with
Henkel Loctite Eccobond 931-1 epoxy. Once mounted to glass, the sacrificial GaAs substrate
is removed using a 1 NH4OH:3 H2O2 enchant and then the GaInP stop etch is removed with
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Figure 4.1: 3TT superstrate structure for a) GaInP/s/nuIBC and b) GaAs/s/nuIBC.
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HCl. A transparent conductive oxide (TCO) is sputter-deposited on the back surface of the
top cell. The cell area is then defined by a mesa etch. To prevent shunting between the
Au surrounding the cell area and the TCA and/or the Si bottom cell, the peripheral Au
was insulated with 150 nm of MgF2, followed by approximately 1.5 µm of Microchem SU-8
photoresist.
A TCO layer is also deposited on the textured front surface of the Si bottom cell. This
TCO/TCA/TCO interlayer enables a conductive path between the subcells while providing
anti-reflective properties. In contrast to 4T cell designs, this conductive interface enables
the 3T design to circumvent the need for lateral conduction of the top cell current. For
both cells reported here, indium zinc oxide (IZO) was deposited at the back of the top cell
and indium tin oxide (ITO) was deposited on the front of the Si bottom cell. The optimal
thicknesses of the TCO and ARC layers were modeled using PV Lighthouse’s SunSolve and
are provided in the supporting information (S1). [50, 84]
The 3T Si bottom cells were fabricated at ISFH. The cells were made from 250 µm-thick
n-type Cz-Si wafers into IBC cells with doped polysilicon on passivating oxide contacts,
following the procedures outlined in Rienäcker et al.[75], but were modified to include texture
on the frontside to improve light-trapping. The Si bottom cells were further adapted for the
3T superstrate application by cleaving down to the Si gridline region in order to minimize
the area of the Si bottom cell exposed to the Au contact of the III-V top cell, to prevent
shunting.
The tandem stack is completed by laminating the subcells together at 3 psi and 110◦C for
20 minutes, using TCA at the interface. The TCA is synthesized using a similar technique
to that described in Klein et al[82], with the exception that the TCA was fabricated into
sheets of ethylene-vinyl acetate (EVA) with embedded Ag-coated poly(methyl methacrylate)
(PMMA) microspheres (diameter range: 45 — 53 µm), rather than dispensed via syringe.
The Ag-coated microspheres form a conductive path between the IZO-coated top cell and the
textured, ITO-coated bottom cell. Previous work has indicated that excellent conductivity
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can be obtained from test structures with a microsphere area coverage of ≤1%[82] but the
coverage for the cells reported here was ≈ 3.7%, likely resulting in increased shading losses
to the Si bottom cell.
The cell structure shown in Figure 4.1 is similar to the GaInP/s/nuIBC cell that achieved
27.3%, the highest reported efficiency for a 3TT cell.[26] In contrast to the design of this
recently reported cell, however, the 3T superstrate structure reported here includes front
glass to mechanically support the III-V cell during fabrication. The previous cell design
required that the top cell be processed after the two subcells were bonded together. Once
stacked, the Si bottom cell was the thickest component of the structure so that these cells
were susceptible to cracking during top cell processing and subsequent characterization.
4.4 3TT Cell Results
Based on the recently developed 3TT taxonomy, the three contacts of any 3TT cell are
defined as the T (“top”), R (“root” or “ráız”) and Z (zusätzlich, or additional). For the
specific case of a III-V/s/nuIBC cell, T is the n-type front contact of the III-V top cell and
R and Z are the p- and n-type contacts of the IBC cell, respectively (Fig. Figure 4.2).[31]
The characterization of a 3TT cell that includes an IBC Si bottom cell is more complex
than that of a 2T or 4T cell because it involves two circuits with a common terminal that
interact during cell operation.[20, 26, 85] 3TT cells can be interconnected in three different
configurations depending on which terminal is common to both circuits.[31] In this study,
the 3TT cells were measured in the Common-Z (CZ) configuration with the n-contact of
the IBC cell common to both circuits that were measured simultaneously (Figure 4.2). In
the CZ measurement configuration, the TZ circuit approximates the performance of the top
cell (with the internal resistance between the back of the top cell and the n-contact of the
IBC circuit) and the RZ circuit measures the IBC performance of the Si bottom cell. The
previous 3TT results reported by Schnabel, et al.[26] were measured in the CR configuration,
with the p-busbar of the IBC cell common to both circuits. The CZ configuration provides









Common Z (CZ) configuration
Figure 4.2: A III-V/s/nuIBC tandem cell connected in the Common Z (CZ) configuration,
used to measure the J-V data in Figure 3 and the P-V-V data in Figure 4. All measurements
were taken by connecting each circuit (i.e. TZ and RZ) to a Keithley 238 sourcemeter units.
produce power simultaneously at the global maximum power point, regardless of the current
matching between cells.
We present measurements of constrained current density-voltage (J-V) data for the two
circuits in Figure 4.3b and Figure 4.3d and analyze them in the context of the unconstrained
3TT measurements presented as power-voltage-voltage (P-V-V) plots in Figure 4.4. The
illumination was set to 1 sun on each subcell as described in the supporting information
(S2). All measurements were taken by connecting the circuits illustrated in Figure 4.2 to
two Keithley 238 sourcemeter units with the low terminals connected at ground to the Z
contact of the 3TT devices.
In order to quickly and accurately determine the maximum power point (MPP) of the
3TT device, we employ the following procedure. First, the RZ circuit is held at short circuit
(VRZ = 0) while the J-V data of the TZ circuit is measured using voltage steps of 0.01
V. Then, the RZ circuit is measured with the TZ circuit constrained to VTZ = Vmax from
the first measurement. Since luminescent coupling from the top to the bottom cell strongly
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affects the photocurrent of the bottom cell, it is imperative that the RZ circuit is measured
with the TZ circuit constrained in this way. Since, however, the luminescence from the Si
bottom cell is transparent to the top cell, the measurement of the TZ circuit is not strictly
coupled to the state of the RZ circuit. The external quantum efficiency (EQE) and J-V
characteristics are shown for each 3TT CZ circuit in Figure 3 with constraints indicated by
brackets. A summary of the J-V data is provided in Table 1 (see supporting information
(S2) for additional details about the J-V and EQE measurements).
(d)(c)
(a) (b)
Figure 4.3: a) EQE and b) J-V characteristics of GaInP/s/nuIBC cell c) EQE and d) J-V
characteristics of GaAs/s/nuIBC cell. Conditions in brackets indicate circuit constraint(s)
during the measurement. Data was either measured in, or translated into, the fourth quad-
rant.
The unconstrained performance of the 3TT devices were characterized by systematically
and independently varying the voltages VTZ and VRZ in increments of 0.1 V. The corre-
sponding currents were measured simultaneously and the power density at each point was
calculated as P = -(VTZ JTZ + VRZ JRZ) (The negative was applied so that positive power
indicates the power producing state). The resulting P-V-V plots are shown in Figure 4.4 with
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Table 4.1: J-V data (un-certified) for the III-V/S/nuIBC cells in Figure 4.3. Data was
measured with illumination set to 1-sun at each junction. The colored text in each row
below corresponds to a J-V curve of the same color in Figure 3, with symbols to identify the
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[VRZ = 0] JTZ = 12.6 @ VTZ = 0 VTZ = 1.365 @ JTZ = 0 79.1 13.6
[VTZ = Vmpp, top] JRZ = 18.0 @ VRZ = 0 VRZ = 0.652 @ JRZ = 0 75.6 8.9
[VRZ = 0] JTZ = 23.0 @ VTZ = 0 VTZ = 1.022 @ JTZ = 0 79.0 18.6
[VTZ = Vmpp, top] JRZ = 8.3 @ VRZ = 0 VRZ = 0.614 [JRZ = 0] 72.8 3.7
positive powers indicated by large colored points and negative powers omitted. Contours of
constant power are also shown as derived from the colored points. The point labeled “P-V-V
Pmax” is the maximum of the 3T P-V-V plot. The point labeled “Pmax(TZ) + Pmax(RZ)”
is the Pmax obtained from summing the two constrained J-V measurements described above
(Figure 4.3 and Table 4.1). The corresponding series-connected 2T performance (shown in
red) was characterized by measuring the voltages while varying the currents such that no
current flowed through the common Z contact by constraining JTZ=-JRZ .
As indicated in the P-V-V plots in Figure 4.4, the Pmax obtained from the constrained
J-V data is consistent with, though slightly higher, than the Pmax value obtained from the
P-V-V plots, for both cells. This difference is likely due to the low resolution of the P-
V-V data which was too course to determine the overall Pmax of the 3TT cells. A future
publication will investigate methods for mapping the P-V-V space at higher resolution for
3TT cells. For the discussion below, the Pmax value obtained from the P-V-V plots will be
used for comparison.
For the GaInP/s/nuIBC tandem cell (Figure 4.3a and Figure 4.3b), the maximum current
of JRZ (the IBC bottom cell) is slightly greater than the maximum current of JTZ (≈the




Figure 4.4: 3T P-V-V plots of a) GaInP/s/nuIBC b) GaAs/s/nuIBC. The red curves rep-
resent the series-connected 2T measurements. “P-V-V Pmax” is the maximum of the 3T
P-V-V plot. “Pmax(TZ) + Pmax(RZ)” is the Pmax obtained from the constrained J-V data
provided in Table 4.1 Figure 4.3 and Table 4.1.
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in bandgaps between the subcells (1.81 eV for GaInP and 1.12 eV for Si) and gives rise to a
top-cell-limited tandem cell.
The P-V-V plot of the GaInP/s/nuIBC tandem cell (Figure 4.4a) shows a 3TT Pmax
of 21.3 mW/cm2 and a series-connected 2T Pmax of 20.8 mW/cm
2. The 3T configuration
enables more photocurrent collection from the Si bottom cell than the 2T configuration,
resulting in a power output improvement of 0.5 mW/cm2. This slight difference between the
2T and 3T Pmax is what one would expect when the current mismatch between the subcells
is small. It is also similar to the 2T vs. 3T Pmax difference of 0.9 mW/cm
2 observed for the
GaInP/s/nuIBC tandem reported on in Schnabel, et. al.[26]
In contrast, for the GaAs/s/nuIBC tandem cell (Figure 4.3c and Figure 4.3d), the current
mismatch between the subcells is substantial. This results in a tandem cell that is extremely
current-limited by the bottom cell. In the case of GaAs/s/nuIBC, the P-V-V plot also
shows a Pmax of 21.3 mW/cm
2 but a series-connected 2T Pmax of 12.1 mW/cm
2, due to
the severely current-limiting bottom cell. This results in a performance improvement of 9.2
mW/cm2 when operating the GaAs/s/nuIBC tandem in the 3T mode compared to the 2T
mode. These results show that current mismatched cells are no longer current-limited by
one subcell, when operated at the optimal point in the 3T configuration.
These 3T efficiencies (21.3% for both GaInP/s/nuIBC and GaAs/s/nuIBC) are consid-
erably lower than the performance predicted by simulations[20, 31] or measured from com-
parable subcells.[24, 26, 47, 49, 86] This sub-optimal performance is largely due to optical
losses that could be improved by adding an ARC layer to the frontside of the glass, substi-
tuting ITO for IZO at the back of the III-V top cell and optimizing the TCA properties at
the subcell interface. Further analysis into the loss mechanisms affecting these 3TT cells is
provided in the supporting information (S3).
4.5 Conclusion
In this study, we introduce a 3T superstrate tandem structure that provides mechanical
support to the subcells. We also demonstrate that textured Si bottom cells are compat-
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ible with mechanically-stacked 3TT cells. This new 3T cell design was used to fabricate
two 3T III-V//Si tandem cells, one top-cell-limited with minimal current mismatch (GaIn-
P/s/nuIBC) and another bottom-cell-limited with substantial current mismatch (GaAs/s/nu-
IBC). When comparing the performance, the subcells with substantial current mismatch ex-
hibit a performance improvement of 9.2 mW/cm2 when operated in the 3T mode compared
to the 2T mode, whereas the benefit is modest (0.5 mW/cm2) when the subcell current mis-
match is small (GaInP/s/nuIBC). These results support recent simulations indicating that
the 3T design is similar to the 4T design by enabling a wider variety of material options
for the top cell. If successfully optimized, the 3T superstrate structure could be adapted
for other narrow-bandgap thin film top cell materials (e.g. CdTe and perovskites) to enable
surplus photocurrent collection from current mismatched subcells.
Supporting Information
• S1: PV Lighthouse modeling to determine ARC and TCO thicknesses
• S2: Details of III-V/s/nuIBC JV characterization
• S3: Loss analysis of 3T tandem performance
• S4: Cell identification
4.6 Supporting Information
4.6.1 S1: PV Lighthouse SunSolve modeling for ARC and TCO thicknesses
PV Lighthouse’s SunSolve ray tracing software was used to model the optical performance
of the cell to determine the optimal thickness of both the anti-reflective coating (ARC)
and transparent conductive oxide (TCO) layers. SunSolve is a Monte Carlo ray tracing
calculator with thin film limits that uses the optical constants for each layer in a solar cell to
calculate the photogenerated current. The optical constants were obtained via spectroscopic
ellipsometry (SE) from individual layers of the same materials used in the solar cell itself.
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Figure Figure 4.5 shows a simplified schematic of the 3T superstrate III-V/s/nuIBC cell
reported here. It should be noted that an ARC layer of MgF2 was assumed on top of the
front-glass for all of the optical modeling in SunSolve but this layer was not added to the
cells analyzed for this study.
The thickness of the ZnS and MgF2 ARC layers were optimized first, by sweeping the
possible layer thicknesses from 25 — 50 nm and 80 — 130 nm, respectively, in 5 nm incre-
ments. For GaInP/s/nuIBC, the ZnS thickness was selected to maximize the current from
the III-V material, since a larger voltage can be obtained from light absorbed in the top cell.
For GaAs/s/nuIBC, the selected ZnS thickness maximized the combined simulated current
of both subcells. In both cases, a thin (≈2 nm) MgF2 seed layer was used to adhere the ZnS





TCO Bottom Cell: ITO
TCO Top Cell: IZO
Textured Si Bottom Cell
Figure 4.5: Simplified cell schematic of 3T superstrate III-V/s/nuIBC (not to scale).
Once the optimal thicknesses for the ZnS and MgF2 layers were determined, these values
were used to model the TCO layers. Both IZO and ITO were swept between 70 nm and 130
nm at 10 nm increments, followed by a second TCO simulation of the GaInP/s/nuIBC over
the range of 80 nm to 110 nm at 3 nm increments. The optimal thickness of the IZO and
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ITO layers were determined by summing the simulated Jsc of the subcells to find the best
combination for each tandem stack (GaInP/s/nuIBC and GaAs/s/nuIBC). The optimum
TCO combination was very similar for both tandem cells so the same thickness of IZO
(90 nm) was deposited on the back of both the GaAs and GaInP top cells and the same
thickness of ITO (83 nm) was deposited on the front of their respective Si bottom cells. The
optimum thickness for the ARC and TCO layers incorporated into these cells are listed in
Table Table 4.2.
Table 4.2: Optimal thickness for each layer modeled in PV Lighthouse’s SunSolve
Modeled Layer GaInP/s/nuIBC GaAs/s/nuIBC
ARC 1: Front-side of III-V cell 2 nm MgF2/45 nm ZnS 2 nm MgF2/55 nm ZnS
TCO 1: Rear-side of AlGaAs 90 nm IZO
TCO 1: Front-side of textured Si 83 nm ITO
4.6.2 S2: Details of 3T III-V/s/nuIBC EQE and JV characterization
For both EQE and JV characterization, a custom inverted jig was used to characterize
the superstrate 3T tandem cells since all three terminals are at the back (i.e. non-sunny side)
of the glass. The jig consists of a metal platform on four legs of adjustable height with an
aperture area for the cell, as illustrated in Figure 4.6. The superstrate 3T tandem cell was
contacted using probes with a magnetic base so that, when the jig is inverted, the probes
support the cell. The jig height is determined by the profile of the probes used to contact
the solar cell. During EQE and JV characterization, the cell was typically held ≈55 - 60 cm
above the stage of the characterization system.
The EQE data (Figures 3a and 3c, in the main text) were measured using a custom-built
system and should be considered a relative measurement, rather than absolute. The EQE
data, however, were sufficient for spectral mis-match correction to achieve AM1.5G 1-sun
conditions during J-V characterization. Both the J-V and P-V-V data were collected using a
class A solar simulator. Calibrated reference cells were used to set the light intensity to 1-sun






Figure 4.6: Schematic of inverted jig used to measure 3T superstrate tandem cells.
until the reference cell for the filtered Si bottom cell reached 1-sun. The top cell irradiance
was then adjusted to 1-sun with the inclusion of 470 nm blue LED light (in addition to the
solar simulator illumination). A shadow mask with the aperture area of the top cell was also
used to avoid stray light reaching the Si bottom cell, outside of the active III-V cell area.
4.6.3 S3: Loss analysis of 3TT performance
The two III-V/s/nuIBC cells presented here make a reasonable comparison to each other
because they were both measured using the same custom inverted jig and characterized using
the same techniques on the same EQE and J-V systems. The cell performance reported here,
however, is considerably lower than simulations predict for III-V/s/nuIBC cells comprised
of these materials. Subsequent to measuring these cells, we conducted a loss analysis to
identify potential areas for improvement.
In order to assess the losses, it is helpful to compare the measured J-V data to single
junction (1J) cells with a similar (or the same) structure. For both III-V top cells, the
cells used for comparison were grown upright with a front-junction (FJ) structure (which is
the same used for the 3TT cells) but were processed into a more traditional (i.e. non-3TT)
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Table 4.3: Comparison between 3T J-V data measured in the CZ configuration (Table 4.1 in
main text) to comparable 1J cells of the same (or similar) design. The simulated Jsc values
for the comparison subcells were modeled with SunSolve.
Tandem Cell Circuit J [mA/cm2] V [V] FF



















15.3 (Simulated) 1.361 85.3

















27.3 (Simulated) 1.038 84.3
3T Si IBC cell 8.3 (Simulated) 0.670 77.0
design used for concentrator solar cells with an area of ≈0.1 cm2. Neither of the cells used for
comparison, however, included an ARC so the top cell Jsc values in Table 4.3 were obtained
from modeling the 3TT top cells in PV Lighthouse’s SunSolve. As the basis of comparison
for the Si bottom cells, a pre-stacked, un-cleaved textured Si IBC bottom cell was measured,
post-ITO deposition. Since this cell was measured before stacking, however, the Si bottom
cell Jsc values used for comparison in Table 4.3 were also simulated using SunSolve, assuming
light filtered by the appropriate III-V top cell and taking into account 3.7% coverage from
the TCA (96.3% light transmission). The measured J-V data provided in Table 4.3 is the
same data reported in Table 4.1 in the main text.
In comparing the simulated vs. measured values in Table 4.3, the measured JTZ at
VTZ=0 is considerably lower than the simulated JSC for both of the III-V top cells. This is,
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in part, due to a measurement artifact associated with both the customized jig and the J-V
characterization system. As mentioned in section S2, the height of the solar simulator lamp
is adjusted to obtain 1-sun irradiance on the Si bottom cell while blue LED light is used to
increase the irradiance of the top cell. Due to the design of the 3T superstrate cell, however,
all contacts must be probed at the back of the cell (i.e. below the glass) so the height of the
inverted jig is determined by the height of the probes (Fig. 2). This constraint places the
cell ≈ 55 - 60 cm above the stage but the focal point of the LED light is at the stage itself.
In addition, the area of the reference cell is 0.25 cm2 whereas the area of the 3TT top cells is
1 cm2. As a result, although the intensity of the LED lights are adjusted to 1-sun using the
III-V reference cell, the LED light is non-uniform over the 1 cm2 surface area of the III-V
top cell during J-V characterization.
This measurement artifact from non-uniform LED light was confirmed by comparing the
1-sun measurement of each III-V top cell using a combination of the lamp and the LED’s
(as described in S2 above) to the 1-sun measurement of the III-V top cell using the lamp
height alone to set the irradiance. For the GaInP top cell, the Jsc was 0.9 mA/cm
2 higher
when using the lamp alone to achieve 1-sun compared to the lamp with the LEDs. For the
GaAs top cell, the Jsc was 3.7 mA/cm
2 higher with the lamp alone compared to the lamp
in combination with the LEDs.
Even after accounting for LED non-uniformity, there remains a difference between the
measured current of the TZ circuit and the simulated Jsc of the top cells. This may be due to
the fact that the RZ circuit (i.e. Si IBC bottom cell) is at VRZ=0 during J-V characterization
of the TZ circuit whereas optical modeling in SunSolve does not take into account the loading
state of the subcells. It was also noted that any slight misalignment of the shadow mask
could contribute to shading losses in both subcells.
In order to assess losses in voltage and FF of the top cells, it is important to address
differences between the 3TT top cells and the 1J III-V cells used for comparison. In the
case of GaInP, the 1J cell was grown with the same epilayer stack as that of the 3TT GaInP
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top cell so it makes for an excellent comparison. The GaAs 1J cell, however, is similar to
the 3TT GaAs top cell at the front of the device (i.e. window layer and absorber) but the
back-surface field (BSF) and lateral conduction layer (LCL) are both thicker for the 1J cell.
This suggests that the FF for the 1J GaAs cell may be higher than what could be attained
by a 3TT GaAs cell, since the LCL of the tandem top cell must be thin to avoid parasitic
absorption that would reduce transmission to the Si bottom cell.
The difference in VOC (or voltage measured at JTZ=0) for the 1J cell vs. the 3TT cell
is less than 20 mV for both III-V top cells. Variations on the order of 10 - 20 mV can be
observed from different cells measured on the same sample so these voltage differences should
not be attributed to the 3TT cell design. That said, both the 3TT cells and the 1J cells were
measured without temperature control so the measured voltage is lower than what could be
obtained if characterized at a temperature of 25◦C, the typical cell certification temperature.
Certification of a 3TT cell presents unique challenges that we plan to address with a future
(i.e. optimized) version of the 3TT cells reported here.
In comparing the FF of the TZ circuit (≈ top cell) to the 1J cell of the same material,
however, the FF is more than 5% lower for both of the 3TT top cells. This clearly indicates
that the current 3TT cells exhibit high series resistance, resulting in these FF losses. For both
GaInP/s/nuIBC and GaInP/s/nuIBC, this could be accounted for by sub-optimal contact
between the subcells, since the measurement that approximates the top cell performance
(i.e. TZ) includes the series resistance of the TCA and the n-contacts of the IBC bottom
cell. In order to address these resistance issues, we plan to further optimize the TCO and
TCA properties and the lamination conditions used for stacking the cells.
Finally, in comparing the performance of the un-stacked textured 3T Si IBC cell to the
RZ data measured from the 3TT IBC bottom cells, the maximum voltage and FF are both
lower when incorporated into a 3TT cell. This is due, in part, to laser cutting the edges off
of the Si bottom cell in order to minimize potential shunts between the III-V top cell and the
front contact of the Si bottom cell, as discussed in the “3TT Cell Fabrication” section in the
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main text. The proximity of the cell edge to the active area of the device introduces greater
recombination around the cell periphery. The lower performance of the Si bottom cell in
the 3TT configuration may also, however, provide additional evidence that the lamination
conditions need to be further optimized to improve the overall performance of the 3TT cell.
More in-depth characterization will be required to firmly establish the source of the
observed J, FF and Pmax differences. Unfortunately, both tandem cells were damaged when
attempting to deposit a MgF2 ARC layer on the front-side of the glass. We plan to investigate
these observed inconsistencies further with optimized 3TT cells.
In addition to addressing the aforementioned losses, there are further improvements that
can be incorporated into future versions of these 3TT cells to increase the efficiency. Based on
modeling in SunSolve, the inclusion of a MgF2 ARC layer on the front-side of the glass shown
in Figure 1 will improve the total Jsc in both III-V/s/nuIBC tandem cells by ≈1 mA/cm
2.
The substitution of ITO for IZO at the back of the III-V top cell will also improve light
transmission to the Si bottom cell, thereby increasing the bottom cell Jsc by 1.0 mA/cm
2 for
GaAs/s/nuIB and 1.4 mA/cm2 in GaInP/s/nuIB. Finally, the VOC of the top cell could be
improved by growing the III-V top cell as a rear-heterojunction device, rather than the front
junction (i.e. traditional) cell design used here. Efforts are currently underway to optimize
the TCA and lamination conditions and then incorporate the aforementioned improvements
into the next iteration of our III-V/s/nuIBC tandem cells.
4.6.4 S4: Sample Identification
The 3TT GaAs top cell was fabricated from MS407A and the 3TT GaInP top cell was
fabricated from MS305C. The cleaved IBC Si bottom cell stacked with the GaAs top cell
was E1 005 16 19 and the cleaved IBC Si bottom cell stacked with the GaInP top cell was
E1 005 16 01.
The comparison cells used for loss analysis in S3 were MR381n1 (1J GaAs cell), MR414n1
(1J GaInP cell) and E1 005 14 5B (textured Si IBC bottom cell, measured post-ITO). All
III-V samples were grown at NREL and all Si IBC bottom cells were provided by ISFH.
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CHAPTER 5
FUTURE PROSPECTS FOR III-V//SI TANDEM CELLS
For emerging tandem technologies, the most critical metric for success is the maximum
efficiency that can be obtained under reproducible test conditions. A commercially viable
tandem cell design must be capable of achieving efficiencies that exceed 30% to justify the
increased cost and complexity. As these tandem technologies mature, however, the focus will
need to shift towards prioritizing energy yield, rather than lab-certified efficiency. Energy
yield takes into account real-world variables that can influence performance, such as the
solar radiation/spectrum at a given site, orientation of the sample, temperature, shading,
soiling, etc. The most robust energy yield analysis is based upon outdoor performance data
collected from a cell (or interconnected cells) with a well-established cell design that has been
on-sun for a prolonged period of time. The transition from laboratory-scale prototypes to
commercially relevant tandem cells will require researchers to identify cell designs capable of
reproducibly achieving excellent efficiencies (i.e. ≥30%) and then putting these cells on-sun,
to monitor their long-term performance.
The cell design, however, may need to be optimized for specific applications, depending on
the target market. Given the success of III-V PV technologies for satellite applications, PV
in space may offer a promising initial market for III-V//Si tandem cells. In particular, there
currently exists considerable interest in low earth orbit (LEO) satellites to provide reduced
latency and a higher power signal (for broadband applications) than what can be achieved
with geo-stationary (GEO) satellites. III-V//Si cells have demonstrated high efficiencies and
could also deliver a high specific power (i.e. Watts generated per solar array mass or W/kg).
The critical consideration will be to assess the performance of a prototype cell with sustained
exposure to the extreme conditions in the space environment.
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As detailed in Chapter 3, NASA recently launched a Materials International Space Sta-
tion Experiment(MISSE) aboard SpaceX 20 to deliver solar cells to the International Space
Station for on-sun testing. NREL’s Hybrid Tandems team, in collaboration with ISFH in
Germany, sent a 4T GaInP//Si tandem cell to NASA, for incorporation into this experiment.
This cell, along with eight other samples from NASA and research groups around the U.S.,
will remain on-sun at the ISS for 6 months, then return to Earth. The data from studies
such as this are necessary to determine the key degradation modes in space to inform how
the cell designs can be improved for space power applications.
In parallel with degradation studies in space, it is also essential to study degradation
modes of III//Si tandem cells on-sun in different climates, to assess design modifications
that will need to be made for terrestrial applications. Initial terrestrial target markets
for III-V//Si tandem cells will include building integrated PV (BIPV), vehicle-integrated
PV, portable charging and other power generation applications where area constraints are
of primary concern. Future PV markets are likely to be even more area-constrained than
today, increasing the premium for module efficiency.
These cell-level degradation studies are critical for identifying material and design vulner-
abilities. III-V//Si tandem cells have an advantage over other hybrid tandem technologies
because the subcell materials have demonstrated excellent reliability. It is also crucial to
study the reliability of the layers at the subcell interface, which differs for each terminal
configuration (see Figure Figure 1.2). In 3T tandem cell designs, for example, NREL has a
series of stress test studies underway to investigate the long-term performance of the trans-
parent conductive adhesive (TCA) that electrically couples the 3T subcells, since this is a
new component in a PV cell. Outdoor degradation studies on 3T III-V//Si tandem cells will
also need to be conducted, once the cell design is optimized sufficiently to achieve efficiencies
that exceed 30%.
The cell-level degradation studies, however, must be augmented by degradation studies
at the module level. Here, however, we confront a key disadvantage of the 3T and 4T
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configurations: They require a cell interconnection design that is more complex than the
industry-accepted series interconnection scheme used for SJ and 2T tandem cells. The 3T
and 4T tandem cells can attain efficiencies beyond SJ Si cells because the design enables each
subcell to operate at its optimal Pmax, despite subcell current mismatch, but a non-standard
interconnection scheme must be employed to incorporate the additional terminal(s). These
novel interconnection schemes are expected to add both complexity and cost to the 3T and
4T tandem module designs.
Tandem cells can be interconnected in three ways: The subcells can be connected in
series (Figure 5.1a), operated independently (Figure 5.1b) or connected using a combination
of series and parallel circuits (Figure 5.1c illustrates one example).[87, 88] At present, a 2T
series connected scheme is used in all industry-scale solar cell architectures (i.e. SJ and
MJ cells, for all terrestrial and space applications). For a 4T tandem cell, connecting the
subcells independently (Figure 5.1b) requires two series connected strings that allow each
subcell to operate at its respective maximum power point, thereby maintaining electrical
independence at the string level. This design, however, requires excellent dielectric isolation
between the subcells and greater system-level integration complexity, in addition to increased
module-level complexity.[87]
4T tandem cells can also be connected using a combination of parallel and series-connected
circuits to obtain a voltage-matched configuration. Just as the 2T tandem cells are limited
by the lowest current in the subcells, devices connected in the series/parallel configuration
(one example shown in Figure 5.1c) are limited by the lowest voltage of the top and bottom
cell strings. The ideal number of series/parallel circuit combinations depends on the bandgap
of each subcell. While 4T tandem cells can be connected with either independently operated
subcells or in the series/ parallel configuration, 3T tandem cells can only be connected in
the series/parallel configuration. If the 3T tandem strings are connected to a single load,
there will also be end losses associated with current collection. An analysis of these losses
will be summarized in an upcoming publication that is currently in development at NREL.
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Figure 5.1: Cell interconnection schemes: (a) Series connected (i.e. current matched) for SJ
and 2T tandem cells (b) Independent operation for 4T tandem cells and (c) one example of
a series/parallel (i.e. voltage-matched) interconnection for either 3T or 4T tandem cells.[88]
Reproduced with permission (Appendix D, Figure D.14), copyright c© 2018, IEEE.
A recent study compared the simulated performance of III-V//Si tandem devices con-
nected in the terminal configurations shown in Figure 5.1 (assuming no interconnection losses
and infinite strings). If a tandem cell composed of GaInP (Eg = 1.8 eV)//Si (Eg=1.12) is
assumed with one top cell for every two bottom cells in a 3T parallel/ series-interconnected
configuration, the 3T case performs as well as the 4T case with the top and bottom cells
operated independently, and both of these interconnection schemes out-perform a 2T se-
ries connection, under most conditions. Similar to results found at the cell-level, 2T series
connected cells are particularly sensitive to spectral variations compared to the 3T voltage-
matched and 4T independently operated configurations. The only conditions where 2T
series-interconnected devices outperformed this 3T series/parallel configuration is at high
operating temperatures (≥60◦C), due to the requirement for voltage matching, although the
3T configuration still out-performs the 2T case for -40◦C ≤ T ≤ 60◦C. 4T independently
operated subcells, however, performed the same or better than both of the other two configu-
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rations under temperatures ranging from -40◦C ≤ T ≤ 100◦C.[88] These simulations suggest
that the optimal interconnection scheme may depend upon the specific target application of
the tandem cells (i.e. terrestrial or space).
In order to assess the long-term performance and reliability of this technology, simulations
such as these need to be experimentally investigated with outdoor studies of mini-modules
composed of III-V//Si tandem cells interconnected in 3T and 4T configurations. A recent
study compared the performance of a 4T InGaP/GaAs//Si module to that of a 2T In-
GaP/GaAs/InGaAs module (both fabricated by SHARP). The study found that the annual
energy yield of the 4T InGaP/GaAs//Si module was 4% higher than that of the 2T In-
GaP/GaAs/InGaAs module, primarily due to a reduced sensitivity to seasonal variations
in the 4T tandem module.[89] This study also illustrates that the all-III-V tandem cells
provide the performance and reliability benchmarks that the III-V//Si tandem cells must
strive to achieve, if not exceed. For this technology to gain market acceptance, however, the
III-V//Si tandem costs must be dramatically lower than they currently are, approaching the
market-dominant Si PV costs.
Figure 5.2 shows a roadmap developed to drive down costs for mechanically stacked 4T
GaInP//Si tandem cells from the near-term ($4.85/ W for a 30% cell) to the long-term
scenario ($0.66/W for a 35% cell). The two main research areas that impact cost reductions
are adopting a lower-cost III-V deposition technique and mitigating substrate costs. The
near-term scenario assumes MOVPE III-V growth, whereas the mid- to long-term cases
assume hydride vapor phase epitaxy (HVPE), which uses lower-cost precursors with higher
material utilization and faster growth rates. With respect to the reductions in substrate
costs, the near-term scenario assumes a substrate reuse technique (such as epitaxial lift-off)
that would permit 50 reuses with one chemical mechanical polishing (CMP) step per every
10 reuses, to smooth the surface for subsequent growth. The long-term scenario assumes
that a low-cost substrate would be available with comparable costs to Si, either due to cost
reductions in the GaAs substrate, identification of a new substrate material or by growing the
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Figure 5.2: Roadmap for reducing the cost of III-V//Si 2J solar cells, assuming a GaInP
top cell. Near- to mid-term cost reductions assume 50 to 100 wafer reuses (i.e. no chemo-
mechanical polishing), a transition from MOVPE to HVPE growth, 80 to 90% manufacturing
yield and a 17 to 15% operating margin. The transition from mid- to long-term cost reduc-
tions assumes a low-cost substrate, 90 - 95% yield and a 15 to 10% operating margin.[12]
Reproduced with permission (Appendix D, Figure D.15), copyright c© 2017, Nature Energy.
III-V cell directly on Si. All of these substrate cost mitigation strategies require additional
research and development. Also, each scenario in this cost reduction roadmap assumes an
increase in production volume, from 50 MW/year in the near-term, to 1 GW/year in the
long-term. As mentioned previously, high-value entry markets will be targeted in the near-
term, to enable production scale-up to achieve initial cost reductions.
III-V//Si tandem cells have already demonstrated efficiencies comparable to all-III-V
tandems. As this technology continues to mature, the focus needs to shift towards high
energy yield, not just high efficiency. Since cost reductions are the primary advantage that
this technology offers in comparison to all-III-V tandems, studies focused on energy yield
should incorporate HVPE-grown top cells into cells and mini-modules designed for long-term
on-sun testing. Recent research has shown that Al can be incorporated into an HVPE reactor,
so GaAs//Si tandem cell efficiencies should soon be able to achieve efficiencies that exceed
30%, based on modeling detailed in Chapter 2. Whether the preferred top cell should be
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GaAs or GaInP will need to be determined via simulation using input parameters measured
from recently grown HVPE materials, including the new Al-containing layers.
For 4T tandem designs, the next step will be to investigate how best to interconnect the
tandem cells into a mini-module, with minimal loss and complexity. The inverted RHJ top
cell structure of the record 4T tandem cells should be used to fabricate the tandem cells for
interconnection, since that top cell design can reproducibly achieve efficiencies that exceed
30%, when stacked with ISFH POLO IBC bottom cells. HVPE-grown III-V//Si tandem
cells should be assembled into mini-modules, to study the long-term energy yield of these
interconnected cells.
3T tandem cells, however, are at an earlier stage of technology development. Current
research should continue to focus on achieving efficiencies ≥30% with MOVPE-grown III-V
top cells, to demonstrate a proof-of-concept prototype that can experimentally confirm the
efficiencies predicted via simulation. If ≥30% cannot be achieved for the 3T tandem design,
this would indicate that the more traditional 2T and 4T designs may be the preferred
terminal configurations. If, however, efficiencies exceeding 30% can be demonstrated with
3T tandem cells, research should follow the same technology development path as the 4T
tandem cells, focusing on the long-term energy yield of mini-modules constructed from 3T
HVPE-grown III-V//Si tandem cells.
Research must focus on identifying the factors that influence hybrid tandem operation
in the field (or in space), at both the cell and module-levels, to identify the optimal cell and
interconnection designs for various target markets. The commercial viability of this technol-
ogy hinges upon achieving excellent module-level energy yield, with reliability comparable
to its component subcells, while realizing substantial reductions in cost.
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Tg Composition Doping Rate V/IIImRun
MQ914 Kaitlyn MEB1 inverted GaAs cell HVPE RHJ structure (no Al, C)
SETP10300510110 2°B Si:GaAs;  
tube=9; susceptor=225; loaded under N2; tick mark at 6:00; 20 x 30 mm; Priority=3.32; please outgas;  Please photograph 
surface;[MP797] Znx10; for Kaitlyn;; Loaded from= jg1086; Layer 11 In* 0.988; Layer 13 In* 0.985; Layer 19 In* 1.008; 





MQ914 1 L 20 0.25 
MQ914 2 L 20 0.2505201 
MQ914 3 L 20 0.2528638 
MQ914 4 L 20 0.2565422 
MQ914 5 L 20 0.2525057 
MQ914 6 GT 700 As 3 
MQ914 7 L 700 As 5 
MQ914 8 L 700 As 5 
MQ914 9 L 700 As 0.25 
MQ914 10 L 700 0.1 MGaAs Se(.2) 2.302 153.7 2.6064 
MQ914 11 L 700 0.5 MGa(.51)In(.49)P Se(.2) 4.449 54.28 6.7431 
MQ914 12 L 570 P Se(.2) 1.5 
MQ914 13 L 570 0.0504 EGa(.51)In(.49)P 4.45 32.83 0.68049 
MQ914 14 L 570 As Se(3) 0.05 
MQ914 15 L 570 0.1 MGaAs Se(3) 4.797 5.9 1.2508 
MQ914 16 L 650 0.05 EGaAs Se(1.5) 6.835 10.59 0.43892 
MQ914 17 L 650 0.05 MGaAs Se(3) 6.835 10.59 0.43892 
MQ914 18 L 650 As Se(.4) 0.05 
MQ914 19 L 650 0.02 MGa(.51)In(.49)P Se(.4) 4.4 312.8 0.27273 
MQ914 20 L 650 2.8 EGaAs Se(.1) 5.727 26.84 29.335 
MQ914 21 L 650 0.02 EGaAs 5.727 26.84 0.20953 
MQ914 22 L 650 0.5 MGa(.51)In(.49)P Zn(.1) 4.399 85 6.8197 
MQ914 23 CT 600 P Zn(.042) 0.4000651 
MQ914 24 L 600 As Zn(.042) 0.03 
MQ914 25 L 600 0.2 MGaAs Zn(.042) 1.462 105.14 8.2079 
MQ914 26 CT 350 As 3.186523 
MQ914 27 CT 250 2.279427 
Figure A.2: MOVPE-growth run sheet for top cell MQ914, shown schematically in Figure A.3
94
Figure A.3: Simplified structure of the 4T inverted rear hetero-junction (RHJ) GaAs tandem
top cells presented in Chapter 2. Both HVPE-grown and MOVPE-grown top cells had the
same structure, with thickness differences noted in the Supporting Information for Chapter
2 and in the run sheets presented in Figure A.1 and Figure A.2. BSF: Back surface field,
LCL: lateral conduction layer, shaded area represents the depletion region.
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Table A.1: Fabrication details of 4T GaAs top cells for HVPE study (HC661 and MQ914)
Description Comment
Photolithography for electroplating back contact -
Clean TCE, Acetone, IPA. No TCE in later cleans Did not use TCE
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100 C on hotplate -
use photo mask 101: Back contact top cell 1-sun, 3.5-4.0
sec exposure time
Used 3.2 sec
Develop with MF319 for 1 min 15 sec, rinse in DI water -
Electroplating of Ni and Au -
paint backside of sample with photoresist, bake for 5 min
in oven at 100◦C (check thermometer)
Put in with tweezers
dip the sample in dilute HCl (1 HCl:20 H2O) to remove
oxides
-
Plate nickel: 1 min at 2.5 mA (Hotplate preset 1 (140C,
300rpm, 60C in solution) NREL Generic 1, 7/21/2014,
abort after 1min) then rinse sample with warm water
-
Plate gold: 2 min at 2.5 mA, then 20 min at 5mA
(Hotplate present 2 (140◦C, 600rpm, 60◦C in solution)
NREL Generic 1, 7/21/2014)
metal height 1.75-2 um
Lift-off in Acetone (gently, fingers are sensitive) -
Photolithography for ARC -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on hotplate Use the 100◦C oven for this
bake
use photo mask 500: MESA bottom cell, 3.5-4.0 sec
exposure time
Dakota
Develop with MF319 for 1 min 15 sec, If photoresist
remains on the cell, consider exposing for a bit longer with
another developer step.
check there is no resist on
the cells
Evaporation of ARC -
105 nm ZnS (for GaAs)** **See supporting
information of HVPE study
(Chapter 2) for further
discussion of the ARC
values actually obtained for
both MQ914 and HC661.
Lift-off in acetone, up to 1h (gently, fingers are sensitive) if ZnS does not look good,
it can be removed in HCl




use special glass slides SBAL41, protect other side of glass
slide with Capton tape, apply epoxy, stack III-V sample on
glass slide, move around and press gently together, remove
epoxy from the edges with acetone, apply weight on it and
cure 20 min at 100◦C on hotplate.
-
Will need to remove excess epoxy after the bake by
scraping around the edges. Be careful not to scrape the
cell as this can remove the alignment marks
-
substrate etch (10 ml NH4OH, 30ml H2O2) and removal of
GaInP layer in HCl. If GaAs cell in stack, do mesa etch for
stripes where alignment marks are. Follow mesa etch
process, but SPR220 resist.
For HVPE, use 1 NH4O4; 2
H2O2; 2 H2O. Rotate 90
degress every 10 minutes.
If GaAs in stack: Use the SPR220 resist, the reveal mask
for 3.7 sec (previous exposures used were 3.2 and Michelle
recommends 0.5 to 1.0 s more for SPR220) and then
develop in CD-26 for 1.15 seconds.
For the mesa etch to reveal
the alignment marks - use
water to rinse between each
step, thoroughly drying it
when going between
2:1:10/3:4:1 and HCl.
Rinse off photoresist with acetone -
Photolithography for electroplating front contact -
photoresist 1818 (4000 rpm, 30 sec), bake out 5 min on
hotplate
-
use photo mask 201: front contact top cell 1-sun 11um,
expose 3.5-4.0 seconds (if needed, use some water, but this
changes exposure time)
Be careful here. There are
two masks with the same
name - you want the one
that will cover everything
but the fingers and busbars
with photoresist
Develop with MF319 for 1 min 15 sec -
Electroplating of Ni and Au -
dip the sample in dilute HCl to remove oxides -
Plate nickel: 1 min at 0.15 mA (Hotplate preset 1 (140◦C,
300rpm) NREL Generic 1, 7/21/2014, abort after 1min)
then rinse sample with warm water
height of metal should be
about 1.75-2 um
Plate gold: 2 min at 0.15 mA, then 7 min at 0.3mA
(Hotplate present 2 (140◦C, 600rpm) NREL Generic 1,
7/21/2014)
-
Lift-off in acetone (gently, fingers are sensitive) -
Photolitho for Mesa etching -
photoresist 1818 (4000 rpm, 30 sec) -




use photo mask 301: MESA top cell, 3.5-4.0 sec exposure
time
-
Develop with MF319 for 1 min 15 sec -
Mesa etching -
etching: H3PO:H2O2:H2O (3:4:1) 5 sec for arsenides, HCl
30 sec for phosphides (until no bubbles), H3PO:H2O2:H2O
(3:4:1) 5 sec for arsenides (till gold is visible)
-
Lift-off in acetone -
Cap-etch (GaAs front grid contact layer etch) -
dip in NH4OH:H2O2:H2O (2:1:10) for 8 to 12 sec Didn’t see a color change
here but don’t go much
longer than 12 sec because
the fingers may lift off
and/or it will etch through
the window layer
Photolithography for ARC -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on hotplate -
use photo mask 401:ARC top cell 1sun, 5.5 sec exposure
time (if necessary with water)
check that there is no photo
resist on active cell area
Develop with MF319 for 1 min 15 sec, bake out on hot
plate (20 min)
Michelle recommends
CD-26 as the developer here
ARC for frontside: 2 nm MgF2 to stick, 52 nm ZnS, 106
nm MgF2** IF USING OLD ARC TOOL IN THE SERF
CLEANROOM: After HVPE study, ARC study indicated
that ZnS can be deposited at the desired thickness but
MgF2 should be deposited 1.15 - 1.2 x thicker than
desired, to get an actual deposition at roughly the desired
thickness.
**See supporting
information of HVPE study
(Chapter 2) for further
discussion of the ARC
values actually obtained for
both MQ914 and HC661.
Lift-off in acetone -
Stack with bottom cell (using Loctite Eccobond 931-1
epoxy)
Use FLIR camera for top/
bottom grid alignment.
Photolithography for ARC -
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APPENDIX B
CHAPTER 3: CELL GROWTH AND PROCESSING DETAILS
Au
Figure B.1: Simplified structure of the 4T inverted front junction (FJ) top cells for the ISS
study presented in Chapter 3. Both the top cells for the flight tandem cell and the control
tandem cell had the same structure (see run sheet in Figure B.2). BSF: Back surface field,




Tg Composition Doping Rate V/IIImRun
MS213 Kaitlyn MEB7 inverted top cell FHJ NASA ISS
SETP10311190101 2°B Si:GaAs;  
tube=8; susceptor=299; tick mark at 6:00; priority=1.10; 20x20mm; [MS169]; please outgas; Waldo: photograph;; ; Loaded 
from= jg1170; Layer 11 In* 0.975; Layer 13 In* 0.973; Layer 15 In* 0.972; Layer 20 In* 0.973; Layer 21 In* 0.973; Layer 22 





MS213 1 L 20 0.25 
MS213 2 L 20 0.2505201 
MS213 3 L 20 0.2528638 
MS213 4 L 20 0.2565422 
MS213 5 L 20 0.2525057 
MS213 6 GT 700 As 3 
MS213 7 L 700 As 5 
MS213 8 L 700 As 5 
MS213 9 L 700 As 0.25 
MS213 10 L 700 0.0985 MGaAs Se(.2) 2.269 155.91 2.6064 
MS213 11 L 700 0.5 MGa(.505)In(.495)P Se(.2) 4.449 54.28 6.7431 
MS213 12 L 570 P Se(.2) 1.5 
MS213 13 L 570 0.05 EGa(.51)In(.49)P 4.366 35.73 0.68713 
MS213 14 L 570 As(.17096)DMH(.82904) Se(3) 0.1 
MS213 15 L 570 0.1 MGa(.97)In(.03)As(.17127)DMH(.82873Se(3) 4.945 35 1.2133 
MS213 16 L 700 0.1 EGaAs Se(1.5) 6.835 10.59 0.87783 
MS213 17 L 700 0.1 MGaAs Se(3) 6.835 10.59 0.87783 
MS213 18 L 720 As Se(.4) 0.3 
MS213 19 L 720 P Se(.4) 0.05 
MS213 20 L 720 0.02 In(.48)Al(.52)P Se(.4) 4.05 325.74 0.2963 
MS213 21 L 720 0.1 MGa(.505)In(.495)P Si(1) 3.965 325.81 .5132 
MS213 22 L 720 0.01 MGa(.505)In(.495)P 3.965 325.81 0.15132 
MS213 23 L 720 0.9 MGa(.505)In(.495)P Zn(9.1e-4) 3.965 325.81 3.619 
MS213 24 L 720 0.2 EGa(.25)In(.49)Al(.26)P Zn(.0079) 4.135 323.86 2.9021 
MS213 25 L 620 P Zn(9.1e-4) 1 
MS213 26 L 620 As 0.05 
MS213 27 L 620 0.5 MGa(.5)Al(.5)As CCl(.11) 2.875 13.57 10.435 
MS213 28 L 620 0.01 MGaAs CCl(.11) 1.438 27.14 0.41725 
MS213 29 CT 350 As 3.350065 
MS213 30 CT 250 2.319271 
Figure B.2: MOVPE-growth run sheet for top cell of flight tandem (MS213), shown schemat-
ically in Figure B.1. The top cells for the flight tandem and the control tandem (MS211) were
from the same growth recipe. The fabrication details for MS213 are provided in Table B.1
and the fabrication details for MS211 are provided in Table B.2.
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Table B.1: Fabrication details of 4T GaInP top cell for flight cell used in ISS study (MS213).
Description Comment
Photolithography for electroplating back
contact
-
Clean TCE, Acetone, IPA. No TCE in
later cleans
Did not use TCE
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 101: Back contact top
cell 1-sun, 3.5-4.0 sec exposure time
Used 3.5 sec
Develop with MF319 for 1 min 15 sec,
rinse in DI water
-
Electroplating of Ni and Au -
paint backside of sample with photoresist,
bake for 5 min in oven at 100◦C (check
thermometer)
Also painted edges
dip the sample in dilute HCl (1 HCl:20
H2O) to remove oxides
-
Plate nickel: 1 min at 2.5 mA (Hotplate
preset 1 (140◦C, 300rpm, 60◦C in
solution) NREL Generic 1, 7/21/2014,
abort after 1min) then rinse sample with
warm water
-
Plate gold: 2 min at 2.5 mA, then 20 min
at 5mA (Hotplate present 2 (140◦C,
600rpm, 60◦C in solution) NREL Generic
1)
metal height 1.75-2 um
Lift-off in Acetone (gently, fingers are
sensitive)
-
Photolithography for ARC -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 500: MESA bottom cell,
3.5-4.0 sec exposure time
Longer exposure time will also work here,
since the ARC mask only includes one big
feature (alignment marks are not useful
on this mask).
Develop with MF-318 for 1 min 15 sec - If
photoresist remains on the cell, consider
exposing for a bit longer with another
developer step
check there is no resist on the cells




82 nm ZnS (for GaInP) with minimal (≤
nm) MgF2
-
Lift-off in acetone, up to 1h (gently,
fingers are sensitive)
-
Prime both glass and III-V material with
Dowsil 1200 - even though expired
Both Mike Kempe and the TDS for the
Dowsil 1200 indciated that the primer
should still be usable (despite past its
expiration date), so long as the
appearance is not milky. Because new
primer was not ordered in time for use
with ISS samples (held up by safety
approval), I used the expired primer.
Pre-bake cell to remove any moisture
from the Au. Sample pre-baked at 125◦C
for ≈ 1 hour.
-
Spin coat primer at 4000 rpm for 30 sec -
Primer allowed to cure at room
temperature for 2 hrs.
-
Mix up DC93-500: Mixed at 10:1.2
(encapsulant: hardener) and de-gassed
sample in de-gas chamber for 20 minutes
until all bubbles were removed. Pot life is
supposed to be 2 hours but still useful
after this period (see below).
-
Glue cell to glass -
use special glass slides SBAL41, cut down
to 2 cm x 2 cm. For this sample:
DC-93-500 was spin coated at 4000 rpm
for 30 sec., de-gassed and then stacked.
Bubbles were observed BUT III-V cell was
not separated from glass (as was the case
with MS211 and MS217). NOTE: this
sample had the best performance and it
was the only one that had spin-coated
DC93-500 and Dowsil primer.
Lots of experimentation done to optimize
Au adhesion to glass (specifically, Au
adhesion to the DC93-500). Too many
bubbles with spin coating alone, tried
spin coating and de-gassing but this also
led to bubbles, when the DC93-500 was
spin-coated onto the III-V material,
de-gassed for 10 mins and then stacked





- TRY NEXT TIME: Spin-coat DC93-500
on glass, de-gas for 10 mins, adhere cell to
glass, check for bubbles before putting on
hot plate. May also want to a) de-gas
sample again, once stacked, before putting
on hot plate and/or b) try spin-coating
onto III-V material again, de-gassing
coated III-V sample, stacking, de-gassing
post-stacking, then putting on hot plate.
Sample was baked for 2 hours at 125◦C
and then hot plate was turned off and
allowed to cool down overnight, for
additional curing.
-
substrate etch (10 ml NH4OH, 30ml
H2O2) and removal of GaInP layer in
HCl. Rinse with water between etches,
rather than acetone. If GaAs cell in stack,
do mesa etch for stripes where alignment
marks are. Follow mesa etch process.
In order to avoid etchant attacking the
edges of the III-V material, Crystalbond
was melted onto a glass slide (larger than
cell glass) with sufficient material to
embed the cell (monted on glass) into the
crystal bond so that periphery of the cell
was protected. NOTE: This only worked
for this particular sample configuration
because the top cell was the same size as
the cleaved-down glass slide, so III-V
material was flush with the edge of the
glass that the cell was attached to. The
Crystalbond turned color during the etch
(and Evan said that this is indicative of
eventual compromise) but successfully
protected the glass/III-V edge interface
during the etch so that Au was not lifting
up at corners.
If GaAs in stack: Use the 1818 resist, the
reveal mask for 3.7 sec (previous
exposures used were 3.2 and Michelle
recommends 0.5 to 1.0 s more for
SPR220) and then develop in MF-319 for
1 min 15 seconds.
After substrate etch, Crystalbond was
removed with acetone and the acetone
started to lift up the Au for MS211. Once
cell is adhered with DC93-500 to glass,
only rinse it with acetone and IPA - DO
NOT SOAK. Rest of the processing up
until the mesa (and subsequently during
the cap etch) involved painting out the
periphery of the cell edge with 1818 paint




Photolithography for electroplating front
contact
-
photoresist 1818 (4000 rpm, 30 sec), bake
out 5 min on hotplate
-
use photo mask 201: front contact top cell
1-sun 11um, expose 3.5-4.0 seconds (if
needed, use some water, but this changes
exposure time)
-
Develop with CD-26 for 1 min, rinse with
DI water
-
Electroplating of Ni and Au -
dip the sample in dilute HCl to remove
oxides
-
Plate nickel: 1 min at 0.15 mA (Hotplate
preset 1 (140◦C, 300rpm) NREL Generic
1, 7/21/2014, abort after 1min) then rinse
sample with warm water
NEED TO REMOVE photoresist from a
corner of the cell area with acetone and
place tweezers in this area.
Plate gold: 2 min at 0.15 mA, then 7 min
at 0.3mA (Hotplate present 2 (140◦C,
600rpm) NREL Generic 1)
-
Lift-off in acetone (gently, fingers are
sensitive)
Just rinse, don’t soak
Photolithography for Mesa etching -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 301: MESA top cell,
3.5-4.0 sec exposure time
-




etching: H3PO:H2O2:H2O (3:4:1) 5 sec
for arsenides, HCl 30 sec for phosphides
(until no bubbles), H3PO:H2O2:H2O
(3:4:1) 5 sec for arsenides (till gold is
visible)
-
Lift-off in acetone -
Cap-etch (GaAs front grid contact layer
etch)
Wet it with water then use 2:1:10 (1 um/
min) - look for a color change






Photolithography for ARC -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 401:ARC top cell 1sun,
5.5 sec exposure time (if necessary with
water)
check that there is no photo resist on
active cell area
Develop with MF319 for 1 min 15 sec,
bake out on hot plate (20 min)
Michelle recommends CD-26 as the
developer here
ARC for frontside: start with (2nm MgF2
to stick) 41 nm ZnS then 97 MgF2.
-
Lift-off in acetone ARC looks spotty under microscope
Si bottom cells also cleaved around active
area to get it down to 2 cm x 2 cm.
MS213 was stacked with ISFH-3-7B,
using DC93-500 (10:1.2, as before). Tried
to cure at 125◦C - but this compromised
alignment due to increase in viscousity
(which led to cells sliding) so it was cured
overnight at room temperature
-
Characterization: PL and ILIT,
pre-stacking; PL post-stacking. Obtained
QE and JV (at AM1.5). Also optically
imaged cell with Keyence microscope in
SERF cleanroom
-




Table B.2: Fabrication details of 4T GaInP top cell for control cell used in ISS study (MS211).
Description Comment
Photolithography for electroplating back
contact
-
Clean TCE, Acetone, IPA. No TCE in
later cleans
Did not use TCE
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 101: Back contact top
cell 1-sun, 3.5-4.0 sec exposure time
Used 3.5 sec
Develop with MF319 for 1 min 15 sec,
rinse in DI water
-
Electroplating of Ni and Au -
paint backside of sample with photoresist,
bake for 5 min in oven at 100◦C (check
thermometer)
Also painted edges
dip the sample in dilute HCl (1 HCl:20
H2O) to remove oxides
-
Plate nickel: 1 min at 2.5 mA (Hotplate
preset 1 (140◦C, 300rpm, 60◦C in
solution) NREL Generic 1, abort after
1min) then rinse sample with warm water
-
Plate gold: 2 min at 2.5 mA, then 20 min
at 5mA (Hotplate present 2 (140◦C,
600rpm, 60◦C in solution) NREL Generic
1)
metal height 1.75-2 um
Lift-off in Acetone (gently, fingers are
sensitive)
-
Photolithography for ARC -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 500: MESA bottom cell,
3.5-4.0 sec exposure time
Longer exposure time will also work here,
since the ARC mask only includes one big
feature (alignment marks are not useful
on this mask).
Develop with MF-319 for 1 min 15 sec - If
photoresist remains on the cell, consider
exposing for a bit longer with another
developer step
check there is no resist on the cells




82 nm ZnS (for GaInP) with minimal (≤2
nm) MgF2
-
Lift-off in acetone, up to 1h (gently,
fingers are sensitive)
-
Prime both glass and III-V material with
Dowsil 1200 - even though expired
Both Mike Kempe and the TDS for the
Dowsil 1200 indciated that the primer
should still be usable (despite past its
expiration date), so long as the
appearance is not milky. Because new
primer was not ordered in time for use
with ISS samples (held up by safety
approval), I used the expired primer.
Pre-bake cell to remove any moisture
from the Au. Sample pre-baked at 125◦C
for ≈ 1 hour.
-
Spin coat primer at 4000 rpm for 30 sec -
Primer allowed to cure at room
temperature for 2 hrs.
-
Mix up DC93-500: Mixed at 10:1.2
(encapsulant: hardener) and de-gassed
sample in de-gas chamber for 20 minutes
until all bubbles were removed. Pot life is
supposed to be 2 hours but still useful
after this period (see below).
-
Glue cell to glass -
use special glass slides SBAL41, cut down
to 2 cm x 2 cm. For this sample:
DC-93-500 was spin coated at 4000 rpm
for 30 sec., de-gassed and then stacked.
Too many bubbles were observed so the
glass slide was removed and both cell and
slide were rinsed (removing primer?) and
the DC93-500 was drop-coated onto the
III-V material, stacked with glass slide
and then rubbed gently together until
bubbles were removed. Due to prolonged
processing, the DC93-500 was
drop-coated after 2 hrs but it was still
liquid - just more viscous.
Lots of experimentation done here to
optimize Au adhesion to glass
(specifically, Au adhesion to the
DC93-500). Too many bubbles with spin
coating alone, tried spin coating and
de-gassing but this also led to bubbles,
when the DC93-500 was spin-coated onto
the III-V material, de-gassed for 10 mins
and then stacked with the glass (before




- TRY NEXT TIME: Spin-coat DC93-500
on glass, de-gas for 10 mins, adhere cell to
glass, check for bubbles before putting on
hot plate. May also want to a) de-gas
sample again, once stacked, before putting
on hot plate and/or b) try spin-coating
onto III-V material again, de-gassing
coated III-V sample, stacking, de-gassing
post-stacking, then putting on hot plate.
Sample was baked for 2 hours at 125◦C
and then hot plate was turned off and
allowed to cool down overnight, for
additional curing.
-
substrate etch (10 ml NH4OH, 30ml
H2O2) and removal of GaInP layer in
HCl. Rinse with water between etches,
rather than acetone. If GaAs cell in stack,
do mesa etch for stripes where alignment
marks are. Follow mesa etch process.
In order to avoid etchant attacking the
edges of the III-V material, Crystalbond
was melted onto a glass slide (larger than
cell glass) with sufficient material to
embed the cell (mounted on glass) into
the crystal bond so that periphery of the
cell was protected. NOTE: This only
worked for this particular sample
configuration because the top cell was the
same size as the cleaved-down glass slide,
so III-V material was flush with the edge
of the glass that the cell was attached to.
The Crystalbond turned color during the
etch (and Evan said that this is indicative
of eventual compromise) but successfully
protected the glass/III-V edge interface
during the etch so that Au was not lifting
up at corners.
If GaAs in stack: Use the 1818 resist, the
reveal mask for 3.7 sec (previous
exposures used were 3.2 and Michelle
recommends 0.5 to 1.0 s more for
SPR220) and then develop in MF-319 for
1 min 15 seconds.
After substrate etch, Crystalbond was
removed with acetone and the acetone
started to lift up the Au for MS211. Once
cell is adhered with DC93-500 to glass,
only rinse it with acetone and IPA - DO
NOT SOAK. Rest of the processing up
until the mesa (and subsequently during
the cap etch) involved painting out the
periphery of the cell edge with 1818 paint




Photolithography for electroplating front
contact
-
photoresist 1818 (4000 rpm, 30 sec), bake
out 5 min on hotplate
-
use photo mask 201: front contact top cell
1-sun 11um, expose 3.5-4.0 seconds (if
needed, use some water, but this changes
exposure time)
-
Develop with CD-26 for 1 min, rinse with
DI water
-
Electroplating of Ni and Au -
dip the sample in dilute HCl to remove
oxides
-
Plate nickel: 1 min at 0.15 mA (Hotplate
preset 1 (140◦C, 300rpm) NREL Generic
1, abort after 1min) then rinse sample
with warm water
-
Plate gold: 2 min at 0.15 mA, then 7 min
at 0.3mA (Hotplate present 2 (140C,
600rpm) NREL Generic 1)
-
Lift-off in acetone (gently, fingers are
sensitive)
Just rinse with acetone and IPA
Photolithography for Mesa etching -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 301: MESA top cell,
3.5-4.0 sec exposure time
-




etching: H3PO:H2O2:H2O (3:4:1) 5 sec for
arsenides, HCl 30 sec for phosphides (until
no bubbles), H3PO:H2O2:H2O (3:4:1) 5
sec for arsenides (till gold is visible)
-
Lift-off in acetone -
Cap-etch (GaAs front grid contact layer
etch)
Wet it with water then use 2:1:10 (1 um/
min) - look for a color change
dip in NH4OH:H2O2:H2O (2:1:10) for 8 to
12 sec
-




photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 401:ARC top cell 1sun,
5.5 sec exposure time (if necessary with
water)
check that there is no photo resist on
active cell area
Develop with MF319 for 1 min 15 sec,
bake out on hot plate (20 min)
Michelle recommends CD-26 as the
developer here
ARC for frontside: start with (2nm MgF2
to stick) 41 nm ZnS then 97 MgF2.
-
Lift-off in acetone Just rinsed with acetone/IPA. Some
photoresist still evident under edge of Au
Si bottom cells also cleaved around active
area to get it down to 2 cm x 2 cm.
MS211 was stacked with ISFH 3 7C,
using DC93-500 (10:1.2, as before). Tried
to cure at 125◦C - but this compromised
alignment due to increase in viscosity
(which led to cells sliding) so it was cured
overnight at room temperature.
Au edge lifted up more with positioning
the Si bottom cell relative to the top cell,
using the InGaAs camera. However, this
additional friction seemed to remove
residual photoresist under edge of Au
(although Au lift-up was almost to edge
of stacked III-V cell).
Characterization: PL and ILIT,
pre-stacking; PL post-stacking. Obtained
QE and JV (at AM1.5). Also optically
imaged cell with Keyence microscope in
SERF cleanroom
-





CHAPTER 4: CELL GROWTH AND PROCESSING DETAILS
Figure C.1: Simplified structure of the 3T upright front-junction (FJ) GaAs top cell pre-
sented in Chapter 4, with run sheet shown in Figure C.2. BSF: Back surface field, shaded




Tg Composition Doping Rate V/IIImRun
MS407 Kaitlyn MEB7 GaAs Cell upright for superstrate cell
SETP10311190101 2°(110) Zn:GaAs;  
tube=9; susceptor=242; loaded under N2; tick mark at 7:30; 20 x 30 mm; outgas please;  priority=2.40; [MR381][MR665]; ; 





MS407 1 L 20 0.25 
MS407 2 L 20 0.2505201 
MS407 3 L 20 0.2528638 
MS407 4 L 20 0.2565422 
MS407 5 L 20 0.2525057 
MS407 6 GT 700 As 3 
MS407 7 L 700 As 5 
MS407 8 L 700 As 5 
MS407 9 L 700 As 0.25 
MS407 10 L 700 0.1949 MGaAs Zn(.012) 2.101 166.17 5.5659 
MS407 11 L 700 0.5 MGa(.51)In(.49)P Zn(.012) 4.12 100 7.2816 
MS407 12 L 620 P 0.75 
MS407 13 L 620 0.5 MGa(.7)Al(.3)As CCl(.11) 2.088 17.89 14.368 
MS407 14 L 650 As 0.2 
MS407 15 L 650 P Zn(.011) 0.03 
MS407 16 L 650 0.3 MGa(.51)In(.49)P Zn(.011) 4.399 85 4.0918 
MS407 17 L 650 3.14 EGaAs Zn(1.0e-4) 6.68 23 28.204 
MS407 18 L 650 0.01 EGaAs 6.68 28.09 0.08982 
MS407 19 L 650 0.085 EGaAs Se(2.4) 2.254 83.24 2.2626 
MS407 20 L 650 0.006 MGa(.51)In(.49)P Se(1) 4.621 161.34 0.07790501 
MS407 21 L 650 0.014 In(.525)Al(.475)P Se(1) 4.3 169.43 0.19535 
MS407 22 L 650 As Se(4) 0.03 
MS407 23 L 650 0.2 EGaAs Se(4) 6.6 10.48 1.8182 
MS407 24 L 650 0.0166 EGaAs Si(10)Se(5) 6.6 10.48 0.15091 
MS407 25 L 650 As Si(10) 0.5 
MS407 26 L 650 0.01 EGaAs Si(10)Se(5) 6.6 10.48 0.090909 
MS407 27 CT 350 As 3.629167 
MS407 28 CT 250 2.346354 
Figure C.2: MOVPE-growth run sheet for the top cell (MS407A) of the 3T GaAs/s/nuIBC
cell, shown schematically in Figure C.1. The fabrication details for MS407A are provided in
Table C.1
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Table C.1: Fabrication details of 3T superstrate GaAs top cell in the 3T GaAs/s/nuIBC cell
reported on in Chapter 4. Revised process to minimize Au and process only one cell at a
time.
Description Comment
For 30 mm x 20 mm sample: Cleave
sample down to 15 mm (2 pieces):
process with long edge (20mm) parallel to
long edge of Si. Should still be able to fit
3 alignment marks on it, with top of
sample at edge of alignment mark above
the busbar, right edge defined by RH
alignment marks ( 1 mm buffer at
top/RHS). This should allow the majority
of the 20 mm width to extend to the
LHS, to increase exposed contact area
once stacked. TRY TO POSITION THE
SINGLE SAMPLE TO AVOID THE
PARTIAL BOTTOM CELL (IN THE
OLD 4T MASKS) SINCE CONTACT
WILL OCCUR TO THE LEFT. This will
make it much easier to use TCA isolation
masks later (i.e. no reveal steps).
-
Photolithography for electroplating front
contact
-
Clean Acetone, IPA. -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 101: Back contact top
cell 1-sun, 3.5-4.0 sec exposure time (used
4 sec)
Tape off everything except immediate Au
periphery of cell and region that extends
to LHS, to enable top contact. 1818 +
Mask 101 should pattern a hole over the
existing alignment mark in this region.
Develop with MF319 for 1 min 15 sec,
rinse in DI water (used 1 min)
Used CD-26 for 45 sec
Electroplating of Ni and Au -
paint backside of sample with photoresist,
bake for 5 min in oven at 100◦C (check
thermometer)
Use tweezers
dip the sample in dilute HCl (1 HCl:20





Plate nickel: 1 min at 1.25 mA (Hotplate
preset 1 (140◦C, 300rpm, 60◦C in
solution) NREL Generic 1, abort after
1min) then rinse sample with warm water
Halving the current here should be
acceptable, since this is roughly 1/2 of a
regular cell. This may still need further
optimization (i.e. even lower current,
possibly less time).
Plate gold: 2 min at 1.0 mA, then 20 min
at 2.0 mA (Hotplate present 2 (140◦C,
600rpm, 60◦C in solution) NREL Generic
1)
This cell received 20 mins of Au - but it
looked smooth, although dark.
Lift-off in Acetone (gently, fingers are
sensitive)
-
Cap-etch (GaAs front grid contact layer
etch)
-
dip in NH4OH:H2O2:H2O (2:1:10) for 8 to
12 sec
-
Photolithography for ARC -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 500: MESA bottom cell,
3.5-4.0 sec exposure time
Use much more exposure - 10 sec
Develop with CD-26 for 45 sec check there is no resist on the cells
Evaporation of ARC - frontside of GaAs,
underneath glass
-
1 nm MgF2, followed by 55 nm ZnS -
Lift-off in acetone, up to 1h (gently,
fingers are sensitive)
if ZnS does not look good, it can be
removed in HCl
Glue cell to glass -
use special glass slides SBAL41, apply
epoxy, stack III-V sample on glass slide,
move around and press gently together,
remove epoxy from the edges with
acetone, apply weight on it and cure 25
30 min at 110C on hotplate. Remove
after 10 mins to rub around the outside
edge to remove residual epoxy.
Used 110◦C for over an hour and then





substrate etch (10 ml NH4OH, 30ml
H2O2) and removal of GaInP layer in HCl
(Use 1:5 phosphoric: HCl to avoid
incomplete stop etch removal). If GaAs
cell in stack, do mesa etch for stripes
where alignment marks are. Follow mesa
etch process, but 1818 resist.
For substrate etch - left the sample in for
at least 10 mins after the substrate had
cleared, to ensure all traces of substrate
were removed to avoid a partial stop etch.
For stop etch, don’t over expose - pull out
after initial HCl bubbling, even if it looks
like a partial etch. This sample looked
clean, post-stop etch
IZO deposition -
dip the sample in dilute HCl (1 HCl:20
H2O) to remove oxides
-
deposit 90 nm IZO used (from Maikel OR
Talysa)
-
Photolitho for Mesa etching -
photoresist AZnLOF 2070 spin coated at
2500/ 30 sec
-
soft bake for 1 minute at 110◦C on
hotplate
-
use photo mask 500 ARC mask Expose
for 1.8s (or 1.5) on SERF Mask aligner
with ARC mask
Used the ARC for the mesa etch with
AZnLof, to avoid eating into the III-V
material along the cell periphery, as was
seen with MS305a and b. This mask
made for a clean mesa etch, although the
bottom area will now be slightly wider
than the top.
Post exposure bake at 110◦C for 1 Min Can’t paint it out when using AZnLof -
but it was thick enough with the AZnLof,
without the need for painting.
Develop with AZ300 MF developer for 1
minute - rinse with water
-
Mesa etching Etched through III-V material in
surrounding area so that sample went
down to the glass except in the Au
periphery and along the edges with
alignment marks.
etching: H3PO:H2O2:H2O (3:4:1) 5 sec for
arsenides, HCl 30 sec for phosphides
(until no bubbles), H3PO:H2O2:H2O
(3:4:1) 5 sec for arsenides (till gold or
glass is visible)
Remember to start with HCl to remove
IZO (then 3:4:1 for ≈ 7 s for 0.5 um
AlGaAs; HCl for Phosphides; 3:4:1 for 47
sec to get through emitter; HCl for





Measure top cell (with light coming in at
back)
Deposition of a rear grid can be added
here, if the cell needs to be tested prior to
stacking. This will add shading to the
bottom cell so it should only be used for
troubleshooting.
Photolithography for dielectric TCA
isolation
-
Clean Acetone, IPA -
AZNLOF 2070 spin coated at 2500 rpm
30 s
-
soft bake for 1 minutes at 110◦C on
hotplate
-
Expose for 1.8 s (or 1.5) on SERF Mask
aligner with TCA isolation 3T superstrate
june 19 Neg. You want to protect the
inset cell region during the MgF2
deposition
Just use cell area to determine inset since
alignment marks are off on this mask.
Post exposure bake at 110◦C for 1 Min -
Develop with AZ300 MF developer for 30
sec - rinse with water
Try developing for 1 min instead of 30 sec.
Evaporation of ARC (for isolation) Remember to protect contact area with
razor blades when mounting the sample
to the platen.
150nm MgF thickness was estimate from Kaitlyn and
Henning
Rinse with acetone until AZnLof is
removed
AZnLof rinses off easily with acetone
(imaged before and after)
Photolitho for photoresist TCA Isolation -
DON’T RINSE TOP CELL WITH
WATER AFTER MgF2 ISOLATION.
Only IPA and nitrogen blow dry. Then
dehydrate sample on hotplate at 130◦C
for 10 mins - 2 hrs (see note) to prepare
for SU-8. Cool to room temp before
proceeding.
-
Dehydrate sample at 130◦C for 10 mins -
2 hrs. - let cool to room temp
1 hour and 20 mins than a delay of 1 hr.
with a subsequent 30 Mins
Spin coat SU-8 at 3000 rpm, 30 sec (SU-8
is 1.5 um)
-




use photomask TCA isolation 3T
Superstrate June 19 POS for 12 sec
exposure time (here you want the
photoresist everywhere but the inset cell
area). FOR TOP CELL, REMEMBER
TO ALSO PROTECT THE CONTACT
AREA SO THAT REGION IS NOT
INSULATED.
Previous versions of this process also used
SU-8 on the bottom cell, to furhter
insulated the Au from the Si. The cells
that worked (i.e. this one and MS305C)
did not have SU-8 on the bottom cells so
these steps were removed in this process
flow.
Post exposure bake (PEB) at 95◦C, 90
sec.
-
Develop with SU-8 developer for 1 min 10
sec but DO NOT RINSE. Blow dry with
nitrogen and then use IPA to rinse the
sample before the hardbake. Based on
technical data sheets, assume that both
water and acetone will cause a residue.
-
Hardbake at 150◦C for 15 min., based on
input from MicroChem about hardbake
that will sufficiently cross-link the SU-8
to withstand the lamination step. For
adhesive testing, may need to use a lower
temp, depending on what temperature is
recommended on the TDS. MicroChem
also said that 110◦C for 30 minutes
should be sufficient, if the subsequent hot
press/ lamination is at a lower temp
**In future, add the front-glass ARC
before laminating the subcells. Use
another piece of glass to protect the
epi-side of the 3T cell and kapton tape to
secure this slide to the sample. Then
mount the (protected) epi-side on the
ARC platen and deposit optimal MgF2.
Possible options for preparation of
bottom cell: masked ITO deposition OR
MgF deposition as on top cell for isolation
Again, neither were used for the cells that
were reported in the 3T experimental
publication (Chapter 4).
Stacking of cells - MS407A was stacked
with ISFH 1619
DO THIS IN THE CLEANROOM
cut TCA EVA sheet in size slightly
smaller than opening in the isolation
(SU-8)
-
Peel off of thermal paper and apply gentle
to top cell
-
Can use TCA isolation masks (that have
Si cell outline) for help with positioning
the top grid relative to the bottom cell
-




stick subcells together on hotplate
(100◦C)
Can’t use the InGaAs camera, if doing
this step in the cleanroom
Laminate cell between release liners
110◦C, 20min,3 PSI
NEED TO USE LAMINATOR
INSTEAD OF HOT PRESS - higher than
3 PSI may crack glass slide.
MEASURE CELLS THIS WAS THE DATA USED FOR
FALL MRS 2019 (PRE-ARC) and for
thesis.
Evaporation of ARC onto glass Put this step post-photoresist TCA
isolation **(See above).
110nm MgF2 Depositing the MgF2 adversely effected
the cell - top cell was shunted again. Cell
was re-laminated to try to get better
contact between the sub-cells but the
performance was still lower than that
measured, pre-ARC
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Figure C.3: Simplified structure of the 3T upright front-junction (FJ) GaInP top cell pre-
sented in Chapter 4, with run sheet shown in Figure C.4. BSF: Back surface field, shaded




Tg Composition Doping Rate V/IIImRun
MS305 Kaitlyn MEB7 Top Cell upright for superstrate cell
SETP10311190101 2°B Zn:GaAs;  
tube=9; susceptor=299; tick mark at 6:00; 30x20mm substrates; do not cleave; 2:1:10 etch; outgas please;  Please 
photograph surface; priority=2.27; Repeat of [MR414] with additional P layer added (layer 12);; Loaded from= kv021; Layer 





MS305 1 L 20 0.25 
MS305 2 L 20 0.2505201 
MS305 3 L 20 0.2528638 
MS305 4 L 20 0.2565422 
MS305 5 L 20 0.2525057 
MS305 6 GT 700 As 3 
MS305 7 L 700 As 5 
MS305 8 L 700 As 5 
MS305 9 L 700 As 0.25 
MS305 10 L 700 0.1949 MGaAs Zn(.024) 2.101 166.17 5.5659 
MS305 11 L 700 0.5 MGa(.51)In(.49)P Zn(.024) 4.12 100 7.2816 
MS305 12 L 700 P 0.03 
MS305 13 L 700 2 MGa(.501)Al(.499)As CCl(.11) 4.575 62.57 26.23 
MS305 14 L 720 As 0.75 
MS305 15 L 720 0.2001 EGa(.235)In(.515)Al(.25)P Zn(.024) 6.352 225.5 1.8898 
MS305 16 L 720 0.9 MGa(.51)In(.49)P Zn(8.0e-4) 6.68 223.19 8.0838 
MS305 17 L 720 0.0075 MGa(.51)In(.49)P 6.68 223.19 0.068102 
MS305 18 L 720 0.09 MGa(.51)In(.49)P Si(1.4) 6.68 223.19 0.80838 
MS305 19 L 720 0.025 In(.47)Al(.53)P Se(.5) 6.961 214.18 0.21552 
MS305 20 CT 650 P 0.6485671 
MS305 21 L 650 0.2 EGaAs Se(2) 6.6 10.48 1.8182 
MS305 22 L 650 0.0166 EGaAs Si(10)Se(5) 6.6 10.48 0.15091 
MS305 23 L 650 As Si(10) 0.5 
MS305 24 L 650 0.01 EGaAs Si(10)Se(5) 6.6 10.48 0.090909 
MS305 25 CT 350 As 3.569596 
MS305 26 CT 250 2.300586 
Figure C.4: MOVPE-growth run sheet for the top cell (MS305C) of the 3T GaInP/s/nuIBC
cell, shown schematically in Figure C.3. The fabrication details for MS305C are provided in
Table C.2.
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Table C.2: Fabrication details of 3T superstrate GaInP top cell for 3T GaInP/s/nuIBC cell
reported on in Chapter 4. Revised process to minimize Au and process only one cell at a
time.
Description Comment
For 30 mm x 20 mm sample: Cleave
sample down to 15 mm (2 pieces): process
with long edge (20mm) parallel to long
edge of Si. (See initial notes in Table C.1)
-
Photolithography for electroplating front
contact
-
Clean Acetone, IPA. -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 101: Back contact top
cell 1-sun, 3.5-4.0 sec exposure time (used
4 sec)
Tape off everything except immediate Au
periphery of cell and region that extends
to LHS, to enable top contact. 1818 +
Mask 101 should pattern a hole over the
existing alignment mark in this region.
Develop with MF319 for 1 min 15 sec,
rinse in DI water (used 1 min)
Used CD-26 for 45 sec
Electroplating of Ni and Au -
paint backside of sample with photoresist,
bake for 5 min in oven at 100◦C (check
thermometer)
Use tweezers
dip the sample in dilute HCl (1 HCl:20
H2O) to remove oxides
-
Plate nickel: 1 min at 1.25 mA (Hotplate
preset 1 (140◦C, 300rpm, 60◦C in
solution) NREL Generic 1, abort after
1min) then rinse sample with warm water
Halving the current here should be
acceptable, since this is roughly 1/2 of a
regular cell. This may still be too much,
due to performance of gridlines on
WA971D. Try lowering the current
further. Also try lowering the time, based
on mesa etch results (Au lifting up along
III-V material).
Plate gold: 2 min at 1.0 mA, then 15 min
at 2.0 mA (Hotplate present 2 (140◦C,
600rpm, 60◦C in solution) NREL Generic
1)
15 minutes of Au deposition - may want
to re-evaluate this in future to get thinner
metal. Also - sample is really small and
edge bead has been a problem so top edge
of the cell is really close to the edge of the
sample.






Cap-etch (GaAs front grid contact layer
etch)
-
dip in NH4OH:H2O2:H2O (2:1:10) for 8 to
12 sec
-
Photolithography for ARC -
photoresist 1818 (4000 rpm, 30 sec) -
bake out for 5 minutes at 100◦C on
hotplate
-
use photo mask 500: MESA bottom cell,
3.5-4.0 sec exposure time
Use much more exposure - 10 sec
Develop with CD-26 for 45 sec check there is no resist on the cells
Evaporation of ARC - frontside of GaInP,
underneath glass
-
1 nm MgF2, followed by 45 nm ZnS -
Lift-off in acetone, up to 1h (gently,
fingers are sensitive)
if ZnS does not look good, it can be
removed in HCl
Glue cell to glass -
use special glass slides SBAL41, apply
epoxy, stack III-V sample on glass slide,
move around and press gently together,
remove epoxy from the edges with
acetone, apply weight on it and cure 25 -
30 min at 110◦C on hotplate. Remove
after 10 mins to rub around the outside
edge to remove residual epoxy.
Used 110◦C for over an hour and then
waited overnight before doing the
substrate removal.
substrate etch (10 ml NH4OH, 30ml
H2O2) and removal of GaInP layer in HCl
(Use 1:5 phosphoric: HCl to avoid
incomplete stop etch removal). If GaAs
cell in stack, do mesa etch for stripes
where alignment marks are. Follow mesa
etch process, but 1818 resist.
For substrate etch - left the sample in for
at least 10 mins after the substrate had
cleared, to ensure all traces of substrate
were removed to avoid a partial stop etch.
For stop etch, don’t over expose - pull out
after initial HCl bubbling, even if it looks
like a partial etch. This sample looked
clean, post-stop etch
IZO deposition -
dip the sample in dilute HCl (1 HCl:20
H2O) to remove oxides
-
deposit 90 nm IZO used (from Maikel OR
Talysa)
-
Photolitho for Mesa etching -






soft bake for 1 minute at 110◦C on
hotplate
-
use photo mask 500 ARC mask Expose
for 1.8s (or 1.5) on SERF Mask aligner
with ARC mask
-
Post exposure bake at 110◦C for 1 Min Don’t paint this out, if using AZnLOF.
Just make certain that there are no holes
in the PR.
Develop with AZ300 MF developer for 1
minute - rinse with water
Just mesa etch it down to glass, except in
cell periphery and contact region with
alignment marks
Mesa etching Etched through III-V material in
surrounding area so that sample went
down to the glass except in the Au
periphery and along the edges with
alignment marks.
etching: H3PO:H2O2:H2O (3:4:1) 5 sec for
arsenides, HCl 30 sec for phosphides
(until no bubbles), H3PO:H2O2:H2O
(3:4:1) 5 sec for arsenides (till gold or
glass is visible)
This step caused the III-V material to
etch around the periphery of the cell.
Possibly because Au was too thick?
Michelle and I worked on this together
but still saw Au lift-up, particularly at
the RH edge
Lift-off -
Measure top cell (with light coming in at
back)
Deposition of a rear grid can be added
here, if the cell needs to be tested prior to
stacking. This will add shading to the
bottom cell so it should only be used for
troubleshooting.
Photolithography for dielectric TCA
isolation
-
Clean Acetone, IPA -
AZNLOF 2070 spin coated at 2500 rpm
30 s
-
soft bake for 1 minutes at 110◦C on
hotplate
-
Expose for 1.8 s (or 1.5) on SERF Mask
aligner with Mask: TCA isolation 3T
superstrate june 19 Neg. You want to
protect the inset cell region during the
MgF2 deposition
Just use cell area to determine inset since
alignment marks are off on this mask.




Develop with AZ300 MF developer for 30
sec - rinse with water
Try developing for 1 min instead of 30 sec.
Evaporation of ARC (for isolation) Remember to protect contact area with
razor blades when mounting the sample
to the platen.
150nm MgF2 thickness was estimate from Kaitlyn and
Henning
Rinse with acetone until AZnLof is
removed
AZnLof rinses off easily with acetone
(imaged before and after)
Photolithography for photoresist TCA
Isolation
-
DON’T RINSE TOP CELL WITH
WATER AFTER MgF2 ISOLATION.
Only IPA and nitrogen blow dry. Then
dehydrate sample on hotplate at 130 C
for 10 mins - 2 hrs (see note) to prepare
for SU-8. Cool to room temp before
proceeding.
-
Dehydrate sample at 130◦C for 10 mins -
2 hrs. - let cool to room temp
30 mins at 130◦C
Spin coat SU-8 at 3000 rpm, 30 sec (SU-8
is 1.5 um)
-
Softbake 95◦C for 1 min. -
Use photomask TCA isolation with 3T
Superstrate June 19 POS for 12 sec
exposure time
Previous versions of this process also used
SU-8 on the bottom cell, to further
insulated the Au from the Si. The cells
that worked (i.e. this one and MS407A)
did not have SU-8 on the bottom cells so
these steps were removed in this process
flow.
Post exposure bake (PEB) at 95◦C, 90
sec.
-
Develop with SU-8 developer for 1 min 10
sec but DO NOT RINSE. Blow dry with
nitrogen and then use IPA to rinse the
sample before the hardbake. Based on
technical data sheets, assume that both
water and acetone will cause a residue.





Hardbake at 150◦C for 15 min., based on
input from MicroChem about hardbake
that will sufficiently cross-link the SU-8
to withstand the lamination step. For
adhesive testing, may need to use a lower
temp, depending on what temperature is
recommended on the TDS. MicroChem
also said that 110◦C for 30 minutes
should be sufficient, if the subsequent hot
press/ lamination is at a lower temp
**As with MS407A, in future, add the
front-glass ARC before laminating the
subcells. Use another piece of glass to
protect the epi-side of the 3T cell and
kapton tape to secure this slide to the
sample. Then mount the (protected)
epi-side on the ARC platen and deposit
optimal MgF2.
Possible options for preparation of
bottom cell: masked ITO deposition OR
MgF deposition as on top cell for isolation
Again, neither were used for the cells that
were reported in the 3T experimental
publication (Chapter 4).
Stacking of cells - MS305C was stacked
with ISFH 1601
DO THIS IN THE CLEANROOM
cut TCA EVA sheet in size slightly
smaller than opening in the isolation
(SU-8)
-
Peel off of thermal paper and apply gentle
to top cell
careful, sticky and electrostatic attraction
Can use TCA isolation masks (that have
Si cell outline) for help with positioning
the top grid relative to the bottom cell
-
place bottom cell (dried well!) carefully -
stick subcells together on hotplate
(100◦C)
Can’t use the InGaAs camera, if doing
this step in the cleanroom
Laminate cell between release liners
110◦C, 20min, 3 PSI
NEED TO USE LAMINATOR
INSTEAD OF HOT PRESS - higher than
3 PSI may crack glass slide.
MEASURE CELLS THIS WAS THE DATA USED FOR
FALL MRS 2019 (PRE-ARC) and for
thesis.
Evaporation of ARC onto glass Put this step post-photoresist TCA
isolation **(See above).
100nm MgF2 Similar to MS407A, the frontside ARC
deposition caused shunting problems with
the top cell. Similarly, it was re-laminated





Both textured 3T Si bottom cells received
83 nm of ITO from Bill Nemeth’s Si
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